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Abstract 
Brain injury constitutes a significant health burden worldwide, and outcomes are generally poor. To 
improve treatment, we must better understand how injury affects brain function, how the brain 
responds to learning pressures (neuroplasticity), and the interaction between the two. This is difficult, 
however, because of current technological shortcomings. 
This thesis focusses on the measurement of neuroplasticity in response to motor training in 
situations such as rehabilitation following brain injury. Although the principles and methods 
discussed generalise to many forms of brain pathology, discussion is generally focussed on unilateral 
cerebral palsy (UCP) because altered brain-development in UCP makes analyses particularly 
difficult. This begins with a literature review (Chapter 2) that outlines UCP, rehabilitative approaches, 
and the relationship between atypical brain organisation and early-life brain injury. Also discussed is 
how novel rehabilitation strategies may stem from studying brain changes induced by rehabilitation, 
and why the most informative findings are likely to come from studies utilising multiple imaging 
modalities. 
Blood Oxygen-Level Dependent Functional Magnetic Resonance Imaging (fMRI) measures 
brain activity indirectly and has been used to study neuroplasticity in both healthy participants and 
those with brain pathology. Although fMRI confounds are well understood, no published work has 
explored their cumulative effect when brain injury is present. Resultantly, confounds have largely 
been ignored, leading to heterogeneous findings that have provided little toward understanding brain 
changes, biologically speaking. Chapter 3 examines the cumulative effect of fMRI confounds, 
assumptions, and other issues, when attempting to measure neuroplasticity in participants with brain 
injury. This work concludes that, although fMRI can be expected to locate approximate regions of 
brain activation in an individual scan, numerous confounding factors make its interpretation, in terms 
of neuroplasticity, difficult without additional information acquired through alternative means. 
Diffusion MRI (dMRI) is an imaging modality that is typically used to identify the brain's 
white-matter pathways and calculate metrics that are influenced by factors such as myelination or 
axonal density. Standard dMRI analyses are ill suited to studying brain injury due to their reliance on 
brain 'atlases' which indicate relationships between brain regions and brain functions. Brain pathology 
can prevent reliable atlas registration, and alter relationships between structure and function. Chapter 
4 details a novel dMRI analysis designed to measure neuroplasticity, addressing the need for a 
sensitive and reliable alternative to standalone-fMRI. This method utilises surface-based fMRI 
analyses, rather than brain atlases, to locate regions involved in motor execution. Corticospinal (CST) 
and thalamocortical tracts emanating from these regions are delineated using dMRI tractography and 
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machine learning. This method was applied to children with UCP - the majority of whom presented 
with significant brain pathology. Relationships between dMRI measures of CST microstructure and 
clinical measures of motor function were identified. In these and other measures, the present method 
outperformed a cutting-edge voxelwise fMRI+dMRI technique applied to the same data.  
Studying plasticity in participants with brain injury requires first understanding the 
neuroplastic processes of healthy people. Imaging literature in this area is largely fragmented: studies 
are typically mono-modal and have incomparable methodologies. Chapter 5 and Chapter 6 address 
this through a multimodal investigation into motor-learning driven neuroplasticity. Twenty-four 
healthy adults practised a finger-thumb opposition sequence with their non-dominant hand daily. 
After four weeks, task performance improved and fMRI activation associated with trained-sequence 
execution decreased. In 'trained' motor areas, transcranial magnetic stimulation mean evoked 
potentials (MEPs; at the pollicis brevis) increased; MEP map volume did not. These responses 
overlapped spatially with fMRI and potential cortical thickness increases. These results imply that a 
long-term-potentiation-like process occurred predominantly in regions already responsible for 
conducting the task, improving task-processing efficiency. Potential cortical thickness increases were 
also found in the dorsolateral prefrontal cortex (dlPFC). Diffusion changes were seen in striatal 
regions connected to the dlPFC and connections between these regions. The aforementioned fMRI-
driven dMRI method revealed changes to the CST consistent with myelination. 
Chapter 7 describes an attempt to take this analysis further: to measure brain changes in 14 
children with UCP who participated in 20 weeks of virtual reality therapy. Clinical improvements 
were limited and no changes in associated white matter microstructure were detected. The fMRI-
driven dMRI method demonstrated a high degree of test-retest reliability in the 13 enrolled controls, 
and so it is likely that statistical power was limited by degrees of clinical improvement. The number 
of enrolees required to achieve meaningful power for such measurements, however, was unexplored 
in the literature. 
These results make clear that a barrier to investigating neurorehabilitation-induced 
neuroplasticity is uncertainty surrounding statistical power. Chapter 8 describes power analyses for 
paediatric UCP neurorehabilitation trials measuring cortical thickness and dMRI changes. 
Calculations were based on results presented in the preceding chapters. The results can be utilised to 
formally plan study numbers, preventing underpowered trials. This analysis also allowed a number 
of recommendations to be made that may further reduce barriers to successful neurorehabilitative 
trials. 
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Chapter 1  
Thesis Aims and Structure 
Neurorehabilitative strategies are presently hampered by a lack of understanding of the relationship 
between motor learning and neuroplasticity. This lack of understanding is, in large part, due to a lack 
of longitudinal studies investigating these processes in humans. In turn, this lack of studies is 
predominantly a reflection of the difficulties in measuring such change. There are several sources of 
such difficulty. Firstly, most standard tools fail outright when trying to process MRI data from brains 
with substantial pathology. Secondly, the relationship between any detected signal changes (for 
example, change in BOLD fMRI patterns) and biological changes is not well documented, and the 
interpretability of standard approaches has not been discussed in depth for longitudinal scenarios. 
Similarly, what sort of approach is ‘ideal’ to achieve an interpretable result is not clear, and 
discussions of this type are absent from the present literature. This can mean that even studies 
reporting significant changes have limited impact on our ability to harness neuroplasticity. Finally, it 
is reasonable to expect that degrees of brain change are small when a person has practised a new task 
for a period of only a few weeks or months. By contrast, most structural measures that could be 
applied to measure brain change are relatively insensitive in their standard forms. Functional 
measures are often considered substantially more sensitive to brain differences or changes but, as 
mentioned previously, their reliability and interpretability have not been formally assessed. In either 
case, one can reasonably ascertain that very large study enrolments would be required to reliably 
measure brain changes in response to learning or rehabilitation. With these points in mind, the current 
thesis has the following aims and structure: 
First, to critically review the potential for functional MRI, when used alone, to measure brain 
changes in a rehabilitative context. Functional MRI is focused upon because it is perhaps the most 
commonly used technique for investigating brain changes. This aim is addressed in Chapter 3, which 
was published in the peer-reviewed journal Neuroplasticity. From this exploration, it was concluded 
that a multimodal imaging approach was the best means of reliably measuring brain change in 
humans. 
Second, to address the need for algorithms that can reliably detect subtle structural brain 
changes and that perform well in the presence of pathology. This aim is addressed in Chapter 4, 
through description of a diffusion-MRI analysis pipeline which utilises information from functional 
MRI in order to measure characteristics of white matter microstructure in specific sensorimotor 
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pathways. This method is robust to pathology. This work was published in the peer-reviewed journal 
Plos One. It was also published in abstract form and presented in Toronto at the 23rd annual meeting 
of the International Society of Magnetic Resonance in Medicine.  
Third, to combine the aforementioned principles and methods in order to measure a variety 
of brain changes in healthy adults learning a novel motor task, then to interpret such information 
together in a way that may improve our understanding of neuroplasticity at a biological level. This 
aim is addressed in Chapter 5 and Chapter 6. These chapters have been submitted as two papers to 
the journal Human Brain Mapping, and are currently undergoing peer review. The majority of results 
from the second of these papers have been published in abstract form and presented in Singapore at 
the 24th annual meeting of the International Society of Magnetic Resonance in Medicine. 
Last, to utilise the information above to perform a power analysis that can be used to plan 
neuro-rehabilitative studies in children with cerebral palsy. A goal of this power analysis is to make 
a number of recommendations for future study designs to (A) minimise resource wastage and (B) 
ensure adequate enrolment numbers, such that studies can reasonably expect to be able to ascertain 
the efficacy of their chosen treatment strategy with regards to inducing measurable brain changes. 
This analysis appears in Chapter 8, which has been submitted to the Journal of Developmental 
Neuroscience and is currently undergoing peer review. An abstract form of these results is currently 
undergoing peer review for presentation in Hawaii at the 25th annual meeting of the International 
Society of Magnetic Resonance in Medicine. 
This thesis is presented as a series of papers that have been published, or are currently 
undergoing peer review, in international peer-reviewed journals. Chapter 7 presents unpublished 
work. I am the ﬁrst, or joint-first, author of all presented manuscripts. My contributions, as well as 
the contributions of my co-authors are listed in the preliminary pages of this thesis. All works are 
included in this thesis with permission from the publishing journals or other copyright holders. 
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Chapter 2  
Rehabilitation and neuroplasticity in children 
with unilateral cerebral palsy 
This chapter consists of the paper Rehabilitation and neuroplasticity in children with unilateral 
cerebral palsy, published in Nature Reviews Neurology. This paper introduces the neurobiology of 
unilateral cerebral palsy, current rehabilitative therapies, and current knowledge regarding 
intervention-induced neuroplasticity. It also discusses how better knowledge of rehabilitation-
induced neuroplasticity may shape future therapies and the imaging modalities that are available to 
perform such measurements. 
This work acts as an introduction to this thesis that provides a relatively broad overview of 
the current state of knowledge regarding CP, the future work needed, the basics of the imaging 
modalities available, and how imaging can advance our knowledge regarding neuroplasticity.  
As first author of this paper, I planned the structure of this paper, performed the majority of 
writing, and conducted the literature searches required for its construction. Professor Roslyn Boyd 
contributed writing for the initial draft for the section Existing rehabilitative strategies. All three 
authors reviewed and edited the paper.  
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Abstract 
Cerebral palsy is a lifelong neurological disorder that primarily impairs motor function. Onset occurs 
during childhood. Unilateral cerebral palsy (UCP), which impairs use of one hand and impairs 
bimanual co-ordination, is the most common form of the condition. The main contemporary upper 
limb rehabilitation strategies for UCP are constraint-induced movement therapy and bimanual 
intensive therapy. In this Review, we outline the factors key to the success of motor rehabilitation in 
children with UCP, including the dose of training, the relevance of training to daily life, the suitability 
of training to the age and goals of the child, and the ability of the child to maintain close attention to 
the tasks. Emerging evidence suggests that the first 2 years of life are a critical period during which 
interventions for UCP could be more effective than in later life. Abnormal brain organization in UCP 
and the way in which development affects rehabilitation must be understood to develop new effective 
interventions. Therefore, we also consider neuroimaging methods that can provide insight into the 
neurobiology of UCP and how it responds to existing therapies. We discuss how these methods could 
shape future rehabilitative strategies that are based on the neurobiology of UCP and the therapy-
induced changes seen in the brain. 
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Key points 
 Activity-based therapy is the major clinical rehabilitation strategy for children with 
unilateral cerebral palsy 
 Therapies can be considered effective if they bring about improvements that transfer to daily 
activities and help children to meet their individual needs and goals 
 Current research suggests that motor impairments in children with unilateral cerebral palsy 
result from damage to the corticospinal tract as well as impairments of sensorimotor 
pathways and motor planning 
 A variety of tools and imaging modalities are available that will enable the measurement of 
neuroplasticity in future clinical trials 
 Future therapies for unilateral cerebral palsy are likely to be multimodal and derived from 
research into the neurobiology of the condition 
 
Review criteria 
Searches of the authors’ personal collections of literature, the PubMed database, Google, and Google 
Scholar were reviewed for influential and original publications that were relevant to the discussion. 
Search terms used were “cerebral palsy”, “hemiplegia”, “stroke”, “rehabilitation”, “CIMT”, “BIM”, 
“robot therapy”, “robot assisted”, “MRI”, “fMRI”, “EEG”, “TMS”, “PET”, “MEG”, 
“neuroplasticity”, “reorganization”, or “tDCS”. References from these articles were inspected for 
additional material. 
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Introduction 
Cerebral palsy encompasses a heterogeneous group of neurodevelopmental conditions that primarily 
present as disorders of movement and posture, often accompanied by epilepsy, secondary 
musculoskeletal problems, and impaired sensation and cognition.1 Symptom onset occurs during 
early childhood, typically before 18 months of age;1 on average, diagnosis is confirmed at 13–19 
months of age .2–4 The most common form of the condition is unilateral cerebral palsy (UCP), which 
impairs the use of one hand, as well as bimanual co-ordination. Cerebral palsy, by definition, results 
from abnormal brain development and/or brain damage that is non-progressive and occurs during 
very early development. In most cases, the cause is periventricular white matter damage that is 
presumed to occur during the third trimester of pregnancy, but other abnormalities, such as diffuse 
grey matter injury, focal infarcts, lesions of the basal ganglia, and/or cerebral malformations, can 
underlie the condition.5–7 Early brain injury in cerebral palsy can lead to atypical brain development 
and reorganization, particularly during the first 2 years of life,8 which can complicate the 
understanding of the condition and the selection of appropriate rehabilitation. 
The current definition of cerebral palsy includes the word permanent, but notes that the 
physical symptoms of the condition are “not unchanging”: the initial disruption to normal brain 
structure and function “may be associated with changing or additional manifestations over time”.1 In 
children with UCP, the type and extent of impairment is primarily determined by the location and 
size of the brain lesion.9 The ability of patients to gain functionality with therapy might be influenced 
by comorbidities such as impaired vision, impaired concentration, learning difficulties, and 
epilepsy.10 
We commence this Review by summarizing current evidence for the efficacy of existing 
rehabilitation therapies for children with UCP and discussing factors that can increase effectiveness, 
such as the mode, dose, context, motivation, relevance, and timing of intervention. We then discuss 
how future therapies for children with UCP could be informed by research into the neuroplasticity of 
the condition. We present imaging technologies that should be used in future studies to examine 
neuroplasticity, and the current knowledge that could direct future research that will ultimately shape 
the future of rehabilitation for children with this lifelong condition. 
The appropriate rehabilitation for children with cerebral palsy depends greatly on the motor 
subtype of cerebral palsy, the type and extent of brain damage or abnormalities, and other factors, 
such as age and cognitive ability. Current knowledge is primarily limited to children with UCP, so in 
this paper, we concentrate on rehabilitation that targets the principal symptoms of this condition: 
sensorimotor deficits. In particular, the focus is on upper-limb rehabilitation. 
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Existing rehabilitative strategies 
Rehabilitation for children with UCP should be evidence-based, activity-based (that is, the child 
performs the activity themselves), relevant to the environment and the child’s motivation, and goal-
directed. The therapy should be delivered by the parents as a series of challenging but achievable 
activities, conducted in the appropriate environment and context, and designed according to what the 
child will learn. The two most heavily investigated contemporary approaches to upper-limb therapy 
in children with UCP are modified constraint-induced movement therapy (mCIMT) and bimanual 
intensive therapy (BIM; Box 1). Hybrid CIMT, in which the child trains with mCIMT prior to BIM, 
is another approach.11 
mCIMT and BIM are increasingly being delivered to individuals and groups in real-life 
situations to provide context to motor skill learning.12 However, such therapy requires expertise, can 
be costly, and is not always accessible. For these reasons, the usual upper-limb therapy for children 
with UCP includes occupational therapy in conjunction with adjunctive treatments, such as 
medications to reduce spasticity, that target secondary symptoms. Although occupational therapy can 
include mCIMT or BIM, the time allotted for these therapies is typically only a small fraction of what 
is carried out in clinical trials. In response to this multifactorial challenge, alternative modes of 
delivery, such as web-based training and virtual reality platforms, have been developed. Early studies 
of web-based multimodal training have shown that these approaches can improve motor and motor 
planning skills in children with UCP .13–15. Pilot trials16–18 and larger studies19,20 of robot-assisted 
virtual reality therapy (Box 1) have also provided preliminary evidence that highlights the potential 
of such therapy for rehabilitation in children with UCP. 
The efficacy of currently used activity-based therapies, as determined by large systematic 
reviews and meta-analyses, can be used to gauge the appropriate dose, environmental context and 
intensity of optimal upper-limb intervention for children with UCP.12,21 A meta-analysis of 42 
randomized controlled trials that assessed the efficacy of 14 approaches to upper-limb therapy 
concluded that moderate to strong evidence supports the use of intensive activity-based, goal-directed 
interventions (such as mCIMT and BIM) rather than usual care to improve the quality and efficiency 
of upper-limb movement and to achieve individual goals.12 The conclusions drawn in this systematic 
review, in combination with knowledge of the factors that are barriers to or enablers of 
implementation of therapy, have led to the current consensus on the essential elements of effective 
upper-limb therapy. These elements are intensive structured task repetition, progressive incremental 
increases in difficulty, and goal-directed approaches that enhance the motivation and engagement of 
individuals receiving therapy.22 
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Current activity-based therapies are thought to provide both specific (unimanual or bimanual) 
and global (occupational performance) improvements in motor function. For example, when mCIMT 
and BIM were delivered in a block of 60 h over 10 days in the INCITE randomized comparison trial 
(n = 64), mCIMT was more effective than BIM at increasing the use of the impaired limb, but 
intensive BIM was more effective than mCIMT at improving bimanual co-ordination.21  
This observation confirms that these training techniques have specific effects. Motor-evoked 
potential recruitment curves, which were measured with transcranial magnetic stimulation (TMS), 
were also changed more substantially by intensive group-based mCIMT than by BIM (Boyd et al. 
unpublished data). Several barriers to implementation of intensive group-based therapy have been 
identified, including the cost and perceived barriers to implementation.22 
Box 1 | Contemporary rehabilitative therapies for unilateral 
cerebral palsy 
Constraint-induced movement therapy (CIMT) and bimanual intensive therapy (BIM) are the two 
contemporary primary upper-limb motor rehabilitative schemes increasingly used for children 
with unilateral cerebral palsy (UCP). 
CIMT was originally designed to address ‘learned disuse’ of the impaired hand after stroke 
in adults, but has since been adapted to aid the development of motor skill in the impaired hand of 
children with UCP.25 A child-friendly protocol, called modified CIMT, involves constraint of the 
more-functional upper limb for several hours per day over several days. During this period, the 
impaired arm is trained in an intensive and repetitive manner in activity-based practice.26 
Patients undergoing BIM intensively practice bimanual tasks that become progressively 
more difficult. This therapy is based on the premise that co-ordination of both hands is important 
to the improvement of performance in everyday tasks, as these tasks are predominantly bimanual 
in nature. BIM focuses on tasks that require use of both hands; as the unimpaired hand acts as a 
template for learning motor control of the impaired hand.290,291 
Robot-assisted therapy is an emerging modality for rehabilitation that uses robotics to aid 
and/or objectively record movement of limbs during repetitive exercises. Robot-assisted therapies 
can allow participants with moderate impairment to experience a wider range of motion (and thus 
sensory feedback) than other therapies, and can be linked to virtual reality environments that 
provide haptic feedback. The technique is in the very early experimental phase and is primarily 
used in adults after stroke; its potential for therapy in UCP is currently unclear.292 
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Another randomized trial has made a direct comparison between intensive group-based hybrid 
CIMT over 2 weeks and a comparable amount of individual therapy distributed over 12 weeks.11 
Improvements in bimanual co-ordination (evaluated with the Assisting Hand Assessment) and 
occupational performance (assessed with the Canadian Occupational Performance Measure) in the 
two groups were similar. These results show that, with a constant total dose of activity-based therapy, 
similar results can be achieved despite variations in child:therapist ratios (1:2 or 1:1) and the delivery 
of therapy (groups or individuals).23 The similar outcomes attained with the use of intensive group-
based therapy and individual therapy means that therapists can choose to deliver upper-limb therapy 
in the way that is best-suited to family circumstances and characteristics of the child. In this trial, the 
willingness of children to independently persevere, solve problems, master challenging tasks, and use 
their impaired hand for bilateral activities contributed to occupational performance outcomes.24 
Family ecology and the therapeutic context were also identified as critical factors that influenced 
children’s mastery motivation and engagement in therapy.24 
Although long-term retention of the functionality gained from upper-limb therapies is not 
frequently assessed, some evidence suggests that gains in functionality can last for at least 6–12 
months after therapy in children with UCP.25–27. 
The majority of research into the effectiveness of rehabilitation and the mechanisms that 
underlie responses to therapy has been conducted with school-aged children with UCP, but major 
brain growth and development occurs in the first 2 years of life. This period could represent a critical 
window during which rehabilitation might be most effective, but which is missed by modern 
rehabilitative approaches.28 Empirical evidence for the effectiveness of currently used therapies in 
infants with UCP is limited, but evidence from animal studies indicates that a critical period might 
exist.29–31. For example, in kittens, inactivation of the primary motor cortex in one hemisphere during 
post-natal weeks 5–7 results in seemingly permanent impairment of contralateral motor skill, and a 
variety of abnormalities in neural organization.31 Motor training and limb restriction that is similar to 
CIMT can reverse these motor deficits when carried out during early development at 8–13 weeks of 
age, but is much less effective when carried out at 20–24 weeks of age.31 Such critical periods of 
development might primarily reflect time windows during which abnormal neural organization can 
be prevented, rather than periods during which the brain is simply more able to repair existing 
damage.32 One pilot study (n = 5) of lower-limb rehabilitation has indicated that intense rehabilitation 
is feasible and effective in children with UCP aged <2 years, and a follow-up clinical trial is in 
progress.28 Whether this approach is equally feasible and efficacious in upper-limb rehabilitation is 
currently under investigation.33,34  
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Neuroplasticity-informed rehabilitation 
Behavioural and outcomes data have improved intervention strategies for children with UCP by 
providing insight into how learning and skill development are influenced by factors such as the dose 
and intensity of therapy, as well as its relevance to daily life. Although intervention strategies such 
as mCIMT and bimanual training have been derived from and improved by these data, strategies and 
improvements based on a mechanistic understanding of the brain remain largely unexplored in 
children with UCP. Exploitation of this opportunity for the development of rehabilitation strategies 
requires an improved understanding of the neurobiology of UCP and the neuroplastic potential 
possessed by children with this condition. 
Two complementary arms of research are likely to inform and shape future rehabilitation 
strategies for people with UCP. One is the investigation into patterns of atypical brain development. 
The abnormal brain structures seen in children with cerebral palsy reflect more than focal damage to 
a single system: early focal brain damage probably influences the development of related systems in 
utero, influences and modifies critical developmental periods, and has further effects in later life 
owing to adaptive and impaired behaviours.31,32,35,36 The other research arm is the characterization of 
therapy-induced neuroplasticity that aims to determine how and when brain networks respond to 
therapy. In combination, these research arms might not only identify networks that are commonly 
impaired or maladapted in UCP, but also determine how different initial insults lead to differences in 
the ability of the brain to respond to rehabilitation. For example, future research might reveal that the 
limited effectiveness of movement-based rehabilitation in some children with UCP is explained by 
indirect factors, such as attentional deficits or disrupted network dynamics that prevent neuroplastic 
changes.37–39 
With these points in mind, one could reasonably surmise that translational neuroscience might 
suggest not only treatments that improve existing skills, but also pretraining regimens that aim to 
improve the learning capacity of children and/or to ‘reset’ maladaptive brain states, in the same way 
that mCIMT aims to ‘reset’ the learned disuse of the impaired hand. One example of such a 
pretraining regimen is the use of TMS to enhance the effects of CIMT, an approach that has been 
used in one small-scale randomized controlled trial.40 In this trial, 19 children aged 8–17 years with 
UCP received mCIMT alongside either repetitive TMS or sham TMS. Improvements in bimanual co-
ordination (evaluated with the Assisting Hand Assessment) were significantly greater in children who 
received therapy than in children who received sham therapy, although the researchers noted that the 
results could have been complicated by differing baseline scores between the treatment groups. 
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In other fields, brain mapping/neurostimulation studies have informed rehabilitation. For 
example, the use of TMS has revealed that maladaptive neuroplasticity, seen as increased 
contralesional sensorimotor activity, can undermine recovery from stroke in adults.41 Trials in which 
transcranial direct current stimulation (tDCS) has been used to restore the interhemispheric balance 
of activation in the sensorimotor system and thereby improve clinical upper-limb motor scores42–45 
and acquisition of motor skills46 have had some success. These findings have led to an investigation 
in which children with spastic diplegia underwent treadmill training and concurrent anodal tDCS over 
the primary motor cortex contralateral to the dominant side of the body.47 Some improvements in gait 
variables and functional mobility were reported and maintained for at least one month.47 
Another similar approach is paired associative stimulation, in which peripheral sensory 
stimulation is paired with TMS of the motor cortex; this approach is thought to induce long-term 
potentiation in sensorimotor networks.48 This method has been shown to induce changes in motor-
evoked potentials in healthy adults at 60 minutes after stimulation48 and in healthy children 75 
minutes after stimulation.49 After a single session of stimulation, these potentials returned to baseline 
after 24 h in adults.48 The fact that this method was well tolerated in healthy children suggests that it 
could be suitable for children with UCP. 
Measuring neuroplasticity 
Although the atypical patterns of brain organization and the potential neuroplasticity in people with 
UCP are not yet well understood, several findings hint at specific targets for future therapies. 
Measurement of brain organization and therapy-driven neuroplasticity can be beneficial in 
clinical trials beyond contributing to an understanding of how and for whom rehabilitation is 
effective. The measurement of baseline brain organization might enable selection of a more 
homogeneous cohort of participants, or better matching of participant pairs prior to randomization. 
This approach can minimize between-group differences at baseline, thereby boosting statistical 
power, improving interpretability and increasing clinical significance. Furthermore, the 
demonstration of neuroplastic changes in response to therapy provides confidence that clinically 
important changes in functional outcomes are an index of neurological improvement rather than a 
reflection of changes in task strategy between tests. 
Methods for the measurement of neuroplasticity and brain organization that currently show 
promise are discussed below, together with some of the key insights these methods have provided 
into neuroplasticity in children with UCP. Table 1 and Table 2 summarize these methods and findings. 
13 
Modality Common measures Spatial and/or 
temporal resolution* 
Advantages Disadvantages 
TMS Nerve conductivity, 
functional 
organization 
~1 cm, ~1 ms Direct objective measure, sensitive 
to neuroplastic change50 
Can induce headaches in some children 
dMRI Tissue microstructure, 
structural connectivity 
2–3mm Simple biological interpretation, 
correlates well with clinical scores51 
Large lesions can preclude automated analyses 
EEG Neuronal signalling ≥1 cm, <1 ms Can distinguish between different 
stages of sensorimotor processing 
Complex to interpret; Sensitive to motion 
artefacts 
MEG Neuronal signalling <1 cm, <1 ms As EEG, but often provides higher 
spatial resolution 
Similar to EEG; Scanning facilities are rare due 
to high costs 
sMRI Cortical thickness, 
grey matter volume 
1 mm Simple biological interpretation, 
moderately sensitive to neuroplastic 
change52,53 
Large lesions can preclude automated analyses 
BOLD 
fMRI 
Functional 
organization of the 
brain 
3–12 mm, 2–4 s Simple to analyse data and visualize 
results with respect to brain 
structure 
Sensitive to motion artefacts and haemodynamic 
abnormalities; lesions can prevent group 
analyses 
Table 1. Characteristics of noninvasive neuroimaging modalities used to measure neuroplasticity. *Stated resolutions are typical and do not reflect the 
theoretical limits. The spatial resolutions of TMS, EEG, MEG, and fMRI are strongly dependent on the methods of data acquisition and analysis. 
Abbreviations: dMRI, diffusion MRI; BOLD fMRI, blood oxygen-level dependent functional MRI; MEG, magnetoencephalography; sMRI, structural 
MRI; TMS, transcranial magnetic stimulation. 
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Study Age range 
(years)* 
Condition (n)* Design Comparison 
group 
Imaging Primary finding 
Holmefur et al.9 1.5 – 5 UCP (32), GMFCS I–III§ Longitudinal None sMRI or CT Hand function at age 8 years was crudely predicted by lesion 
characteristics 
Staudt et al. 54|| 16 – 25 Periventricular UCP (12, 4 
with excellent motor 
outcomes) 
Case-control 10 healthy adults fMRI, TMS fMRI activity was seen in ipsilateral or bilateral S1–M1 in individuals 
with UCP (n = 8), but not in controls. Corticospinal tracts ipsilateral to 
the impaired hand were seen only in those with larger lesions 
Staudt et al.55 || 5 – 27 UCP (14) Observational None dMRI, fMRI, 
TMS 
Ipsilateral M1 corticospinal connections to the impaired hand were 
observed and associated with poorer diffusion metrics 
Farmer et al.56 2-5 UCP with mirror 
movements (4) 
Case-control 10 CTD TMS Ipsilateral M1 corticospinal connections to the impaired hand were seen 
in children with UCP, but not in controls 
Guzzetta et al.57 10 - 28 UCP (12) Observational None fMRI Contralesional somatosensory representations were uncommon in UCP 
and poor at improving function 
Rose et al. 51¶ 10.6 ± 3 Periventricular UCP (16) Observational None dMRI, sMRI Upper-limb function correlated inversely with corticothalamic tract 
connectivity asymmetry 
Pannek et al. 58¶ 5 - 17 Periventricular UCP (50), 
GMFCS I–II§ 
Case–control 17 CTD dMRI Motor function was associated with the integrity and connectivity of 
many white matter tracts 
Tsao et al.59 ¶ 11.5 ± 3.1 Periventricular UCP (40), 
GMFCS I–II§ 
Case–control 15 CTD dMRI Upper-limb function correlated with asymmetries of the sensorimotor 
white matter tract microstructure 
Hoon et al.60 1.3 - 13 Cerebral palsy (16, various 
subtypes) 
Case–control 35 CTD dMRI Microstructural integrity of posterior thalamic radiations correlated with 
sensory and motor function 
Staudt et al.61|| 20 - 28 UCP (4) Observational None dMRI, MEG, 
fMRI, TMS 
Unilateral somatosensory organization, but bilateral motor activity was 
observed. Evidence for thalamocortical tract bypassing of lesion sites was 
observed. 
Kurz et al.62  10–18 Spastic diplegia (9), UCP 
(4). GMFCS I–III§ 
Case–control 13 CTD MEG Event-related desynchronization of beta-waves suggested that the 
participants with cerebral palsy had difficulty planning knee joint 
movements 
Scheck et al.63¶ 5–17 UCP (70), GMFCS I–II§ Case–control 19 CTD sMRI Lower grey matter volumes in patients with UCP were observed, 
particularly in subcortical regions compared to CTD 
Sterling et al.64 2–7 UCP (10) Intervention mCIMT sMRI Therapy increased grey matter volumes in the sensorimotor cortex that 
was associated with the greatest impairment 
Golomb et al.65 13–15 Severe UCP (3) Intervention Virtual reality 
therapy 
fMRI Activation cluster volumes were larger after virtual reality therapy than at 
baseline 
Sutcliffe et al.66 7–15 Cerebral palsy (4), GMFCS 
I§ 
Intervention mCIMT fMRI Laterality of cortical activation in response to a motor task changed in 
two children, even though one child did not improve clinically 
Cope et al.67 7–14 UCP (7) Intervention mCIMT fMRI Mixed changes were detected by fMRI, despite improvements in upper-
limb function in most children 
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Juenger et al.68|| 10–30 UCP (8) Intervention mCIMT fMRI S1–M1 activation was increased by intervention for sensory and motor 
tasks in ~50% of all participants, but motor performance differed 
Juenger et al.69|| 10–30 UCP (16) Intervention mCIMT fMRI, MEG, 
TMS 
Brain changes in response to therapy differed in patients with ipsilateral 
corticospinal tracts innervating the impaired hand, compared with those 
in patients without such tracts 
Table 2. Key findings in neuroimaging studies of children with unilateral cerebral palsy. *Age range reflects age at enrolment of individuals with CP; 
errors given are standard deviations. ‡n reflects the number of participants with UCP included in the specified measures.§ The GMFCS enables 
individuals to be classified according to the motor severity of their condition. ||Participants of the indicated studies overlapped. ¶Participants of the 
indicated studies overlapped. Abbreviations: CTD, children with typical development; dMRI, diffusion MRI; GMFCS, Gross Motor Function 
Classification System; mCIMT, modified constraint-induced movement therapy; MEG, magnetoencephalography; S1, primary sensory cortex; M1, 
primary motor cortex; sMRI, structural MRI; UCP, unilateral cerebral palsy. 
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TMS and atypical brain organization 
TMS is a noninvasive method that depolarizes neurons with strong, brief magnetic pulses. When 
applied over the primary motor cortex, TMS can induce measurable electromyographic responses via 
the corticospinal tract.70 This method is widely considered to be the gold standard noninvasive 
technique for mapping the corticospinal pathways, as it provides a direct measure of functional 
connectivity between the primary sensorimotor cortex (S1–M1) and muscle activation.71 For the 
measurement of neuroplasticity in the context of rehabilitation, several additional metrics can be 
obtained before and after rehabilitation, including motor thresholds, motor-evoked potential (MEP) 
recruitment curves, and trans-callosal inhibition.70,72–74 The motor threshold is the lowest level of 
stimulus intensity that produces a reliable MEP in ~50% of 10-20 consecutive stimuli.70 MEP 
recruitment curves characterize the amplitude of MEPs across a range of stimulus intensities, relative 
to the maximum amplitude of compound muscle action potentials obtained with supramaximal 
stimulation of the median nerve at the wrist.75 
TMS provides data with high temporal resolution, but poor spatial resolution.73 The procedure 
can induce headaches in children, and its use is restricted by some researchers owing to concerns that 
it might induce seizures in people with epilepsy (a condition commonly seen in children with CP76), 
though reports of seizures are rare.74 Furthermore, cortical mapping by TMS can be challenging and 
the procedure can be uncomfortable for some recipients. The acceptability of using repetitive TMS 
in children needs to be considered alongside the benefits when planning such treatment.77 
One striking finding with respect to brain organization in UCP was made by using TMS: in 
approximately one third of children with the condition, the impaired hand is directly controlled by 
the ipsilateral hemisphere.54–57 This brain organization is particularly common among patients who 
exhibit mirror movements.55,56 During the first ~18 months of typical post-natal development, 
interhemispheric competition reduces the number of ipsilateral corticomotor connections.8 In children 
with early brain lesions, such as those with UCP, damage to the contralateral corticomotor 
connections is proposed to prevent this interhemispheric competition, or alter its balance, leaving 
ipsilateral connections intact (Figure 1).32 Such atypical development is not necessarily mirrored in 
the somatosensory system though: TMS has been used to show that the somatosensory system is often 
still contralaterally organized in such children (Figure 1).57 Children with ipsilateral motor control of 
their impaired hand typically have poorer motor control than do children with contralateral motor 
control. A major cause of motor dysfunction in UCP could, therefore, be impaired transmission of 
sensory feedback from the impaired hand to the motor cortex that controls that hand.57 In addition to 
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visual hemianopias, such impaired sensorimotor function and mirror movements probably account 
for much of the poor bimanual co-ordination exhibited by children with UCP. 
Diffusion MRI and thalamocortical pathways 
Diffusion MRI measures the directional diffusion of water molecules, which enables 
inferences to be made about the structural characteristics of brain tissue.78 Diffusion MRI images can 
be used for tractography, which elucidates white matter pathways and structural connectivity between 
brain regions (Figure 2). Diffusion MRI can also provide measures that reveal information about the 
microstructural integrity and density within these white matter pathways. These measures include the 
tensor metrics of mean diffusivity, fractional anisotropy and radial diffusivity, as well as measures, 
such as apparent fibre density, that rely on more-modern higher-order mathematical models of tissue 
structure.79  
Few studies to date have used diffusion measures to longitudinally assess neuroplasticity in 
children with UCP. Diffusion MRI has, however, demonstrated that the microstructural integrity of 
white matter in the corticospinal tract is lower in children with UCP than in children with typical 
development,58,59 and correlates with performance on a variety of clinical assessments.51,58,59 Tensor 
measures of white matter microstructural integrity also seem to change in response to motor training 
in healthy adults.80 
In line with evidence from studies that used TMS and suggested that disrupted sensorimotor 
integration is important in UCP, studies that used diffusion MRI have suggested that damage to the 
thalamocortical radiations and consequent impairment of sensory feedback might be a key factor that 
underlies impaired motor function in children with cerebral palsy.51,60,81 Diffusion MRI data also 
suggest that thalamocortical fibres can bypass periventricular injuries as they project to the cortex, 
explaining how somatosensory networks can develop connections to the contralateral (impaired) 
hand, even when white matter damage has already disrupted the equivalent corticomotor tract (Figure 
1).61 
EEG, MEG, and motor planning 
EEG and magnetoencephalography (MEG) are noninvasive methods that measure electrical activity 
in the brain—primarily in the cortex—via electrodes on the scalp (EEG) or magnetometers above the 
scalp (MEG). Both methods can be used to elucidate the timing, amplitude and direction of signals 
from groups of neurons that respond to stimuli. Both methods provide a millisecond or sub-
millisecond temporal resolution.82,83 
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Figure 1. The influence of periventricular lesions on corticospinal laterality. The images show corticospinal (blue) and thalamocortical (green) 
connection pathways. a | In typical development, bilateral corticospinal connections develop and are unperturbed during early development. After birth, 
interhemispheric competition that is mediated by cross-callosal connections (not shown) results in the removal of connections that project to the 
ipsilateral side of the body. b | During early development in cerebral palsy with small periventricular lesions, the lesions can weaken or eliminate the 
corticospinal connections, which are consequently unable to compete effectively with the opposite side of the brain during later development. The result 
is bilateral motor cortex control of the impaired side of the body. c | During early development in cerebral palsy with focal or large lesions, the lesions 
might completely eliminate corticospinal connections in one hemisphere. The result is ipsilateral motor cortex control of the impaired side of the body. 
If the insult occurs prior to development of somatosensory connections, the primary somatosensory system can still develop on the ipsilesional side of 
the brain, causing a discrepancy between the laterality of sensory feedback and motor signalling
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Although the spatial resolution of MEG (often in the order of single millimetres) is often 
higher than that of EEG, MEG is only sensitive to signals that travel tangentially to the cortical 
surface.83,84 
One small-scale study that used MEG revealed locations in the brain at which tactile 
stimulation of the first, third and fifth digits initially evoked a response; these sites seemed to be 
further apart in children with spastic motor type cerebral palsy than in children with typical 
development.85. 
 
Figure 2. An example of functional-MRI-guided diffusion MRI tractography. This method provides 
information about the structural connectivity of functionally relevant brain regions, and eliminates 
the need to register brains to templates, which is often impossible when malformations or pathology 
are present. Here, a child with unilateral cerebral palsy performed hand-tapping tasks during a 
functional MRI session. Voxels that were significantly activated (yellow) were used as the seed 
(starting) region for diffusion tractography. Activated voxels from several slices are overlaid here 
for illustrative purposes. The bottom images are axial sections at the level of the dashed line in the 
top images. a | Corticospinal tracts. These were identified as tracts that passed from the seeding 
region through the posterior limb of the internal capsule, then to the brainstem inferior to the pons. 
b | Corticothalamic tracts. These were identified as tracts that passed from the seeding region 
through the thalamus, then to the brainstem inferior to the pons 
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Another study that used MEG reported abnormal beta-wave activity in children with spastic 
hemiparesis during the planning stage of a knee extension task.62 This finding suggested that motor 
planning, rather than muscular recruitment, might have been the limiting factor in the controlled 
execution of the motor task. If similar impairments are found to occur commonly in UCP, an increased 
therapeutic focus on motor planning and sensorimotor integration, rather than motor output, might 
accelerate or improve the effectiveness of rehabilitation in the population with this condition. 
Studies that used EEG have also reported that infants with typical development exhibit 
different neural responses when observing goal-directed and non-goal-directed actions from as young 
as 6–8 months.86–89 Such responses of the mirror neuron system suggest that novel rehabilitation 
approaches that involve action observation might be possible in very young children.90,91 
Imaging of grey matter and cortical thickness 
Intervention-induced grey matter changes can be investigated with whole-brain, region-of-interest or 
voxel-based morphometry approaches, the results of which complement diffusion MRI measures of 
white matter tissue integrity. These approaches require a high-resolution structural MRI scan that 
enables reliable delineation of the boundaries between white matter and grey matter, and 
identification of the pial surfaces. Increases in grey matter volume or thickness are particularly 
interesting in relation to neurorehabilitation, as they reflect improvements that are mediated by tissue 
‘growth’, rather than by novel use of pre-existing neural substrates. 
Studies have shown that motor training in healthy adults52 and CIMT in adults after stroke53 
increases the volume of cortical grey matter in brain regions that are functionally relevant to the 
training. Decreases in cortical thickness have also been shown in the first 3 months after traumatic 
brain injury in children, after which some areas ‘recover’ and others continue to thin.92 Another study 
showed that the cortical thickness of the right precentral gyrus inversely correlates with upper-limb 
motor function in children with congenital left-sided hemiplegia.93 Encouragingly for the therapy of 
UCP, a pilot study of young children (n = 10, mean age 3 years and 3 months) found that the volume 
of grey matter in the sensorimotor cortex increased after 3 weeks of CIMT.64 
It is not known as to which cellular processes underlie these grey matter changes, but a 
combination of glial, vascular, dendritic, synaptic and axonal changes is probable.94 Neurogenesis 
might also contribute, but its role is thought to be minor.94,95 
fMRI and potential neural recruitment 
Functional MRI (fMRI) is used in neurorehabilitation either to identify cortical areas that are active 
under certain conditions (an approach known as task-based fMRI that is used for cortical mapping) 
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or to identify cortical areas that are likely to be functionally connected (an approach known as resting 
state fMRI). The most frequently used type of fMRI is blood oxygen-level dependent imaging, which 
relies on a detectable oversupply of oxygenated blood to localized areas during periods in which their 
neural activity is increased. Unlike TMS, fMRI offers whole-brain coverage in less than 10 minutes 
for each task. The final resolution of fMRI after processing is ~3–12 mm.96 fMRI cannot, however, 
provide information on whether activity is excitatory or inhibitory, and its temporal resolution is 
inferior to that of TMS, EEG and MEG: each frame typically averages ~2–4 seconds of brain activity. 
Measurement of neuroplasticity with fMRI ideally involves obtaining scans during a motor 
or cognitive task before and after intervention for at least 20 people per experimental group.97 
Groupwise analyses can then be used to identify voxels with significantly different activity between 
time points, and thereby determine whether the location or area of activation has changed 
substantially. Conventional voxel-based group comparisons can be ill-suited to the study of children 
with cerebral palsy, however, owing to the heterogeneous size and location of brain lesions seen 
within most cohorts. The effects of this issue can be reduced by performing region-of-interest 
analyses that measure the interhemispheric balance of activation between the sensorimotor cortices 
before and after therapy in the same child with UCP.98 In any case, as fMRI is an indirect measure of 
neuroplasticity, all such analyses should ideally be supported with other evidence of changes, such 
as TMS measurements, and correlated with functional improvements in a motor task that is not 
performed in the scanner. 
In practice, conducting an fMRI study with good statistical power is a challenge because it 
requires a homogeneous cohort of children with UCP who are able to perform tasks consistently in 
the noisy and constrained environment of the MRI scanner. In our experience, preparation with mock 
scanners and the presence of people who are familiar to the child during experimental scanning 
improves success. The use of cluster-based fMRI analyses to improve the sensitivity of comparisons 
between pre-therapy and post-therapy conditions should be avoided, as these analyses do not provide 
voxel counts that are genuinely quantitative of the ‘true’ activation volume.99,100 
Several small-scale studies have reported changes in children with UCP in response to therapy 
that were detected with fMRI. For example, in a pilot study of virtual reality therapy, cluster-based 
S1–M1 voxel counts were increased after therapy in three adolescents aged 13–15 years with UCP, 
whose Jebsen–Taylor hand function test scores also indicated meaningful improvements in speed and 
dexterity.65 Another study found a change in the balance of activation between hemispheres in two 
of four children with UCP after they received CIMT.66 One of these two children, however, showed 
no clinical improvement, rendering the practical significance of such fMRI changes unclear. A similar 
study that included seven children with UCP highlighted the difficulties involved in scanning this 
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population: the results were mixed, and the researchers noted that standard analyses were not feasible 
owing to movement artefacts in the fMRI scans.67 
Multimodal studies and CIMT 
Multimodal neuroimaging offers unique opportunities to improve our understanding of 
neuroplasticity by combining complementary information. For example, such an approach could help 
to determine the dynamics of structure–function relationships (Figure 2). Three related studies of 
children with UCP have used a multimodal approach to investigate brain changes that occur in 
response to mCIMT.68,69,101 These reports, which used data from two studies with overlapping 
participants, used fMRI to assess how brain activation changed when a ball-squeezing task was 
performed with the impaired hand. After exclusion of scans that were influenced by confounding 
factors, the first of these studies found no activation changes in two participants, and increased 
bilateral activation of the hand knob of the sensorimotor cortices in one individual aged 16 years with 
UCP.68 The second study combined data from five patients aged 10–20 years with UCP: group 
analysis of contralateral corticospinal connections showed an increase in cluster-based S1–M1 voxel 
counts after mCIMT.101 In the third study, an associated analysis showed bilateral activation of S1–
M1 in adolescents with corticospinal projections ipsilateral to the impaired hand; the balance of this 
activation shifted towards the impaired hemisphere after training.69 In the same study, CIMT 
increased TMS-evoked MEPs in the primary descending corticospinal connection to the impaired 
hand, but not to the unimpaired (constrained) hand, in children with UCP, regardless of whether the 
impaired hand was controlled by the contralateral or ipsilateral motor cortex. MEG data that was 
acquired at the same time also found that somatosensory-evoked magnetic fields increased marginally 
in both groups after mCIMT.69 In combination, data from these three studies suggest that mCIMT 
reorganizes the sensorimotor system and/or promotes recruitment of additional grey matter and 
thereby enables more-effective processing of sensory inputs and conversion of these inputs into 
corticospinal signals. 
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Conclusions 
Current rehabilitation for children with UCP focuses on single-mode activity-based therapies that are 
selected on the basis of behavioural observations. The effectiveness of these therapies relies on the 
intensity and timing of treatment, the way in which improvements transfer into the patients’ daily 
lives, and on the child’s ability to maintain close attention to the training task. 
Ongoing research that has the aim of improving treatment outcomes is investigating therapy-
induced neuroplasticity and the way in which brain injuries sustained during early life can result in 
large-scale atypical brain organization. The extent of these factors is currently unclear, and their 
clinical manifestations not well understood, although several findings suggest that the impairments 
observed in many children with UCP result from disrupted integration of sensorimotor information 
and motor planning. A wide variety of tools can be used in future clinical trials for the measurement 
of brain structure and function, including TMS, EEG, MEG and diffusion, structural and/or functional 
MRI. Approaches that combine complementary information from more than one of these tools are 
also likely to be beneficial. Studies that use these tools are likely to improve our understanding of the 
neurobiology of UCP and the neuroplastic processes that are promoted by effective rehabilitation. 
This greater understanding could ultimately transform rehabilitation for this condition. 
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Chapter 3  
Interpreting Intervention Induced 
Neuroplasticity with fMRI: The Case for 
Multimodal Imaging Strategies 
The previous chapter detailed a number of non-invasive methods by which neuroplasticity can be 
measured. Functional MRI is one of the most common tools researchers use to index brain changes 
in response to therapy or learning. Unfortunately, despite the collection of reasonable amounts of 
data, fMRI studies have been unable to reasonably improve our understanding of biological changes 
in response to intervention. Common interpretations for changes in functional MRI are also 
sometimes contradictory and its validity in the context of brain injury has not been rigorously 
assessed.  
The present chapter consists of the paper Interpreting Intervention Induced Neuroplasticity 
with fMRI: The Case for Multimodal Imaging Strategies, which was published in Neural Plasticity. 
This paper critically analyses the validity of BOLD task-based functional MRI for the measurement 
of neuroplasticity in brain injured cohorts. This paper summarises many findings in this area, explores 
the issues which have inhibited interpretation of functional MRI data, and suggests a way forward.  
This chapter addresses Aim 1 of this thesis: to critically review the potential for functional 
MRI, when used alone, to measure brain changes in a rehabilitative context. The overarching goal of 
the thesis was to provide means by which neuroplasticity can be measured, and to attempt to do so in 
a way that is biologically informative. Toward this ultimate goal, this chapter rules out the use of 
standalone fMRI for this purpose, concluding that the more promising strategy involves multimodal 
imaging. 
As the first author of this paper, I performed all literature searches, planned the paper structure, 
evaluated issues discussed, formed the arguments, and wrote the paper. Professors Boyd, Cunnington, 
and Rose edited and critically reviewed the manuscript. Professor Rose and I conceptualised the paper 
in the broad sense.  
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Abstract 
Direct measurement of recovery from brain injury is an important goal in neurorehabilitation, and 
requires reliable, objective, and interpretable measures of changes in brain function, referred to 
generally as “neuroplasticity.” One popular imaging modality for measuring neuroplasticity is task-
based functional magnetic resonance imaging (t-fMRI). In the field of neurorehabilitation, however, 
assessing neuroplasticity using t-fMRI presents a significant challenge. This commentary reviews t-
fMRI changes commonly reported in patients with cerebral palsy or acquired brain injuries, with a 
focus on studies of motor rehabilitation, and discusses complexities surrounding their interpretations. 
Specifically, we discuss the difficulties in interpreting t-fMRI changes in terms of their underlying 
causes, that is, differentiating whether they reflect genuine reorganisation, neurological restoration, 
compensation, use of preexisting redundancies, changes in strategy, or maladaptive processes. 
Furthermore, we discuss the impact of heterogeneous disease states and essential t-fMRI processing 
steps on the interpretability of activation patterns. To better understand therapy-induced neuroplastic 
changes, we suggest that researchers utilising t-fMRI consider concurrently acquiring information 
from an additional modality, to quantify, for example, haemodynamic differences or microstructural 
changes. We outline a variety of such supplementary measures for investigating brain reorganization 
and discuss situations in which they may prove beneficial to the interpretation of t-fMRI data.  
29 
Introduction 
Broadly speaking, “neuroplasticity” refers to the phenomenon of neurons and neural networks 
modifying their connections and/or behaviour in response to new information, sensory stimulation, 
development, damage, or dysfunction. The ultimate goal of neurorehabilitation is to induce neural 
plasticity in a manner that restores the full original function and potential of the injured brain 
(“neurological restoration”), but a variety of other patterns of neural plasticity may also occur during 
recovery, including compensatory activity, use of redundant networks, or changes in behavioural or 
cognitive strategy. Direct measures of such changes are critical to understanding how and when 
recovery from brain injury takes place and ultimately may lead to improved or novel rehabilitative 
treatments. One very popular modality used to measure neuroplasticity is task-based functional MRI 
(t-fMRI). This technique infers from local changes in cerebral blood flow (CBF) and oxygenation to 
identify brain regions that are more “active” while subjects execute a task than during a comparison 
or resting state. For a more in-depth explanation of fMRI, readers are referred to Logothetis.102 
The accessibility and noninvasive nature of fMRI are important strengths. When used to 
measure neuroplasticity, however, t-fMRI suffers from a unique set of challenges that are not always 
fully acknowledged. With the accelerating development of neurorehabilitation strategies researchers 
need to be cognisant of the limitations of commonly used neuroimaging technologies, including t-
fMRI, in order to collect information capable of advancing our understanding of the 
neurorehabilitative process. In particular, it is critical that researchers can correctly interpret what a 
change in t-fMRI signal reflects, if they are to understand the mechanisms of functional recovery. 
To aid researchers in this regard, this review explores two important questions: “What are the 
challenges in interpreting changes in t-fMRI signal as intervention-induced neuroplasticity?” and 
“How can complementary information from other modalities aid such interpretations?” To 
contextualise our discussion, we define four basic criteria that we believe are essential for informative 
interpretation of any neuroimaging signal change in terms of brain changes. We propose that detected 
changes should (1) be moderately stable or evolve reliably, (2) be meaningfully distinguishable from 
day-to-day variation in brain activity, (3) offer biological insight into the recovery process, and (4) 
reliably relate to (or influence) clinical changes. These criteria are somewhat straightforward: to 
advance neurorehabilitative science, reported changes must be unambiguous, reliable, related to 
recovery, and clearly a direct or indirect effect of the intervention at hand. 
With this in mind, we begin this review by outlining t-fMRI findings associated with 
intervention-induced neuroplasticity and discuss uncertainties surrounding their interpretations. We 
highlight that change in t-fMRI activation patterns can be difficult to extrapolate to brain 
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reorganisation and, in some cases, may be confounded by processing inherent to the technique. We 
follow this overview by offering supporting strategies, focussing on the supplementation of t-fMRI 
findings with information from other modalities, such as structural MRI or transcranial magnetic 
stimulation (TMS). Examples are provided as to how incorporating such information can improve 
interpretation of t-fMRI data, strengthening specific claims about intervention driven neuroplasticity. 
Though some points made here may be generalised to other contexts, this commentary 
restricts discussion to studies targeting motor impairment and movement rehabilitation in patients 
with cerebral palsy (CP) or acquired brain injuries, such as traumatic brain injury (TBI). As relevant 
literature describing therapy-driven brain reorganisation is limited in patients with acquired brain 
injuries, we also make reference to neuroimaging studies based on adult stroke populations and some 
nonlongitudinal studies. It must be kept in mind that while subject groups may all undergo 
neuroplasticity in response to rehabilitation, they may do so from a vastly different baseline, 
particularly due to the impacts of brain injury on early development.103 Further, for the sake of brevity, 
discussion here is restricted to standard GLM-analyses of t-fMRI, as this is the dominant technique 
in published literature; resting state fMRI and other forms of fMRI are not considered. 
Common Findings 
There are three primary findings that are commonly reported in t-fMRI studies of neurorehabilitation, 
summarised in Figure 3. 
Intensity and Size Changes 
Altered ipsilesional activated-voxel counts, or heightened peak intensities, are commonly reported 
for patients with brain injuries who have received treatment, improved function, or when compared 
with controls (Figure 3 (a), Figure 3 (b), and Figure 4 (a)). 
Heightened activation of motor regions has been reported for children with TBI104 and 
adolescents with CP105 when compared with controls. A recent systematic review reported seven 
longitudinal t-fMRI studies of treatment interventions for unilateral CP, drawn from four unique 
subject cohorts.106 After therapy, area of activation of the (most) impaired hemisphere reportedly 
increased in a subset of subjects within each study.106 
In TBI, one study of seven adult subjects with primarily-nonchronic injury showed changes in the 
activation volumes of several sensorimotor-related regions in response to motor rehabilitation.107 The 
location and relative changes in activation volumes varied greatly between subjects. Increased 
ipsilesional premotor activation has been shown in response to constraint-induced movement therapy,   
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Figure 3. Commonly seen fMRI activation changes. Common fMRI activation pattern changes 
reported in the literature include suprathreshold voxel counts (a), peak t-values or sum of 
suprathreshold t-values (b), activation location (c), peak t-value location (d), and changes in 
laterality index (e). Some studies report changes over time, while others report differences between 
groups. The degrees of changes shown here are for illustrative reasons only.  
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Figure 4. Voxel-wise fMRI analyses of a block-design hand-tapping task recorded at baseline (blue) 
and after ~25 weeks (pink). (a) A subject with chronic traumatic brain injury who underwent virtual 
reality therapy during the 25-week period. In the affected hemisphere, the 25-week scan showed a 
2.2 times or 3.3 times larger activation volume than the baseline scan, depending on whether a 4 mm 
(left) or 8 mm (right) smoothing kernel was used. The 4 mm and 8 mm processing options were 
associated with peak voxel shifts of 8.6 mm and 5 mm, respectively. (b) A subject with cerebral palsy 
demonstrating large changes in activation between scans, for tapping of the impaired (left image) 
and unimpaired (right image) hands. The subject underwent no treatment during the 25-week period 
but was less anxious and followed the auditory cue marginally more accurately during the follow-up 
scans.  
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alongside improvements in Fugl Meyer assessment scores, in a single adult with chronic traumatic 
damage to the primary sensorimotor cortex (S1M1).108 Similarly, increased S1M1 activation has been 
found in two adult TBI subjects after robotic therapy.109 Likewise, following adult stroke, regions of 
sensorimotor activation are reportedly larger in recovered patients than in partially recovered 
patients110 and can further enlarge with motor training.111 
Laterality Shifts 
The second common t-fMRI finding in patients with brain injuries is a shift in the hemispheric-
balance of activation (Figure 3 (e)). In normal subjects, basic motor tasks overwhelmingly activate 
the contralateral S1M1.112 Both stroke and unilateral CP patients, however, regularly demonstrate 
robustly bilateral activation.105,113,114 These balances of activation are typically calculated as laterality 
index (LI): 
𝐿𝐼 = (∑ 𝐶 − ∑ 𝐼) (∑ 𝐶 + ∑ 𝐼)⁄  
where ∑C and ∑I are supra-threshold voxel counts, or t-value sums (weighted LI, also referred 
to here as LI for simplicity), for the contralateral and ipsilateral hemispheres, respectively. LIs fall 
between −1 (only ipsilateral activation) and +1 (only contralateral activation). 
In stroke, S1M1 LI values for the paretic hand are lowest in acute stroke, due to both decreased 
ipsilesional activity and increased contralesional activity.114 Over time, these values become more 
positive111,114 but do not typically return completely to “normal” values,115 even in well-recovered 
patients.110,116 In chronic stroke patients, LI values are often,117,118 but not always,119 reported to shift 
toward the lesioned hemisphere in response to rehabilitative therapy. 
In children with unilateral CP, activation of ipsilateral sensorimotor regions can be evoked 
with active movements, passive movements, and tactile stimulation of the impaired limb,105 the 
patterns of which depend on their type of reorganisation.55,69 Small-scale studies of children with 
unilateral CP suggest that virtual reality and constraint-induced movement therapies can alter the 
balance of activation toward the contralateral hemisphere.106,120 This may prove functionally 
beneficial: contralateral somatosensory activation during motor tasks appears to be associated with 
improved unimanual capacity.112 
Numerous studies have proposed that laterality shifts demonstrate an adaptive bihemispheric 
reorganisation of motor networks.115,116,118,120,121 This is a key point that we will return to later. 
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Intrahemispheric Relocation of Activation 
Differences in intrahemispheric location of S1M1 activation, between either time points or subject 
groups, are also frequently reported as evidence of neurological reorganisation (Figure 3 (c) and 
Figure 3 (d)). This metric is principally reported in adult stroke literature, where longitudinal dorsal 
“shifts” in peak activation have been described 4, 12,111 and 24 months after stroke.122 Different loci 
of activation have been reported between stroke and control subjects numerous times.110,123 One 
study124  has reported a correlation between peak S1M1 activity location and motor impairment. 
The Challenge 
It is clear that changes in t-fMRI measures have been reported in a variety of studies and pathologies. 
This section identifies several challenges that make the interpretation of such results in terms of 
neuroplasticity particularly difficult. These issues include subject variability, biological ambiguity, 
methodological considerations, and confounds introduced by disease states. As we shall discuss, these 
factors impede informative interpretation of the t-fMRI signal by obscuring two key facts: (1) whether 
neurological change has genuinely taken place and (2) if so, what type of change has been observed. 
Possible solutions to reduce the impact of these variables are summarised within the final section of 
this review. These incorporate the use of information from other modalities within the study design, 
providing complementary support for t-fMRI measured brain changes, to provide more robust 
evidence of neuroplasticity. 
t-fMRI Results Are Variable 
One of the greatest challenges for t-fMRI in studies of neurorehabilitation is the heterogeneity in 
findings, both within and between studies of patients with brain injury. Intrahemispheric “relocations” 
of activation, for example, are not always reported and have been variable even within studies, 
differing, for example, by patient subgroup110 or task performed.122 In addition, changes in activation 
patterns do not consistently correlate with behavioural improvements (Figure 4 (b)). Distinct changes 
in activation patterns have been reported in rehabilitative studies of adult stroke (postrehabilitation 
versus retention),111 hemispherectomy (pre- versus postrehabilitation),125 and paediatric CP (pre- 
versus postrehabilitation),66 despite subjects demonstrating stable motor scores. In unilateral CP, the 
degree of S1M1 activation for active and passive movements may not correlate with motor 
scores,105,113 and results for sensory impairment are mixed.57,105,126 Similarly, for stroke, activation of 
the ipsilateral primary motor cortex has been associated with both good and poor behavioural 
outcomes.114 Such variability can render the physiological significance of t-fMRI differences unclear. 
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One probable source of this heterogeneity is patient variability. Factors such as anatomical 
location, extent, type, and timing of insult can have profound influences on neurological impairments, 
response to treatment, and the type of neuroplasticity required for recovery.127 Controlling for such 
factors can be very difficult. Restricting a study to patients in the chronic stage of injury, for example, 
may not remove effects due to progressive Wallerian degeneration and/or volumetric changes, which 
take place during the first few years following stroke128 and, potentially, TBI.129 Response to 
treatment also appears to be subject to intact contralateral corticothalamic connections in stroke 
subjects130 and ipsilateral corticospinal connections in children with CP.69 Such factors can 
dramatically alter the interpretation and biological significance of measures such as LI, but their 
identification requires utilisation of additional modalities, such as TMS or diffusion imaging. 
Attempts to limit such variability is probably one reason why most t-fMRI studies 
investigating neuroplasticity include only ~4–10 subjects with brain injury.106,114 Reproducibility 
studies have demonstrated that even well-controlled longitudinal t-fMRI studies of normal subjects 
likely have a high degree of intrasubject measurement error131 and require at least 20 subjects per 
group to perform reliable and sensitive group analyses.97 The higher degree of variability seen within 
brain injury cohorts means that required numbers are likely to be substantially higher. 
Biological Ambiguity 
It is common in the t-fMRI literature to refer to activation differences as direct evidence of adaptive 
neuroplasticity. What is rarely addressed is the fact that activation differences, in isolation, do not 
allow researchers to differentiate between a variety of substantially different biological processes, 
many of which do not indicate regained, novel, or improved neurological capabilities and may not be 
positive or adaptive at all. 
Compensatory Activation 
One of the most obvious alternative explanations to adaptive neuroplasticity is that activation changes 
reflect normal system dynamics compensating for poor performance. One possible compensatory 
method is more intensive processing in already-activated tissue. This ties in with the topic of task 
equivalency and is discussed later. Another mechanism is the compensatory activation of redundant 
motor areas.132 
It is already established that the brain can switch between apparently functionally equivalent 
sensorimotor representations in response to disrupted activity, for example, during a tumour removal 
operation,133 or reversibly within minutes of direct inactivation of motor areas.134 Equivalent 
dynamics are probably, then, likely to occur in brain injury. Importantly, t-fMRI alone is unable to 
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determine whether such dynamics reflect a switch (1) to an equipotent area (reflecting ongoing 
impairment), (2) back to the original area (restored function), or (3) to an area previously incapable 
of such responsibility (novel gain in function). Given the three distinctively different take-home 
messages for the intervention investigated, there is a strong argument for researchers to seek 
secondary evidence (e.g., microstructural, conduction, or connectivity changes) before assuming that 
an activation change necessarily indicates novel or regained function. 
Strategic Shifts 
Rather than relying on neurological recovery, subjects can improve task performance by altering the 
role of muscle groups, improved motor planning, or better attending to feedback. Some adult stroke 
patients rely more heavily on proprioceptive feedback than healthy subjects,135 for example. Adult 
stroke patients have also been shown to adopt compensatory movement patterns, including atypical-
muscle use for pointing and reaching tasks, during rehabilitation.136,137 Importantly, such 
compensation can result in “improved” motor scores, despite unimproved motor capabilities,136 and 
is associated with poorer recovery.137 In addition, studies combining TMS and t-fMRI have revealed 
that attention, anticipation, and/or the forward-planning of motor movements dramatically alters 
cortical excitability in button pressing tasks.138,139 
Given these points, it is not unreasonable to surmise that subtly different behavioural 
strategies may underlie subtle changes in t-fMRI activation patterns. While it could be argued that 
learning is a form, or the result, of neuroplasticity, again the usability of information becomes limited 
if one cannot differentiate between “working around” ongoing disability and neurological restoration. 
Task Difficulty 
Task equivalency is another, related, source of uncertainty in t-fMRI. Typically, studies have all 
subjects perform identical tasks at all time points. One argument is that controlling for differential 
performance is essential to avoid different workloads or feedback confounding results (Figure 4 
(b)).140 In order to perform similarly to controls, however, impaired patients have to apply more effort 
or execute different strategies, such as a more heavy reliance on feedback, which can increase 
recruitment of S1M1, attentional networks, and/or supplementary areas.104 These sustained 
attentional demands are also more difficult for brain injured subjects to meet141–143 and may influence 
activation of some sensorimotor areas, independently of motor output.138 Increased cognitive fatigue 
may also result in more frequent head movement, which can impact analyses.144 To avoid this issue, 
the equivalency of perceived effort can, instead, be controlled for (e.g., by modulating the range of 
motion or force exerted). Subjects performing different tasks, however, may use different task 
strategies, musculature, and/or receive different somatosensory feedback, all of which may alter 
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activation patterns. In some instances, it may be possible to conduct two tasks, one controlling for 
perceived effort and another where performance is controlled between participants. These two sets of 
functional results can then be interpreted in the context of one another and the behavioural 
observations noted during scanning. Researchers should carefully consider their participants before 
selecting this course of action as the attention required to perform multiple tasks without head 
movement may be beyond the means of young children, people with moderate-to-severe disability, 
and participants with acute brain injury (such as concussion). 
Another option is the use of trivial tasks with limited cognitive load, for which perceived task 
difficulty and performance are likely to be identical across sessions. Scans using these tasks, however, 
may be insensitive to subtle reorganisation and would require exclusion of most moderately impaired 
patients, for whom no task is “trivial.” Passive movements of the impaired limb are a final option112 
but may miss genuine activity and reorganisation associated with motor planning and execution.105 
As such, most rehabilitation studies that incorporate fMRI of motor tasks are best positioned by 
accepting the task equivalency problem, choosing a simple/stable task, and making claims in the 
context of secondary, independent evidence of neurological change. 
Disinhibition 
Shifts in LI toward the contralesional hemisphere have been previously interpreted as neuroplastic 
compensation for a damaged sensorimotor cortex. At least in stroke, however, contralesional 
activation does not appear to be a good predictor of functional recovery.145 
 
Figure 5. Task-based fMRI activation changes, in the presence of bilateral activation, require 
additional information for useful interpretation. Activation changes are often interpreted with the 
assumption that sensorimotor processing occurs primarily contralaterally, with interhemispheric 
relaying of information for supplementary processing (b). In cerebral palsy, however, sensory 
processing is often contralaterally organised, while motor signals emanate from the ipsilateral 
hemisphere (a). In addition, in cerebral palsy, stroke, and acquired brain injuries, imbalances in 
interhemispheric inhibition ((c); dashed lines) may be the primary factor influencing t-fMRI 
activation. Such organisations, and thus meaning of t-fMRI activation changes, can be elucidated 
via supplementary methods such as TMS and MEG recordings. 
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Given that the motor cortices inhibit one another in normal subjects,146 an alternative 
explanation is interhemispheric disinhibition (Figure 5): damage to the lesioned hemisphere reduces 
its inhibitory ability, leading to contralesional hyperactivation. TMS and fMRI + TMS studies have 
provided direct evidence for this hypothesis in subjects with CP,147 TBI,148 and stroke.41,110 
Contralesional activity may even have a net-negative influence: direct inhibition of such activity with 
transcranial direct current stimulation can improve motor scores42 and motor-skill acquisition46 in 
adults with chronic stroke. 
Unknown anatomy and functional dynamics can further undermine interpretation of changes 
in LI. In CP, preserved ipsilateral corticospinal connections may exist,55 which t-fMRI-only studies 
are unable to discern. In stroke, one fMRI + TMS study revealed that contralesional dorsal-premotor-
cortex activity was correlated with poorer clinical scores, facilitating the ipsilesional motor cortex in 
impaired patients but inhibiting it in patients exhibiting good recovery.124 These results highlight how 
difficult correctly interpreting t-fMRI activation differences can be in subjects with impairment. 
Activations may be adaptive, maladaptive, pathological, excitatory, inhibitory, and/or net-neutral. 
Which interpretation is correct is something that cannot be determined by t-fMRI alone. 
Methodological Considerations 
Smoothing 
There are methodological considerations to consider when evaluating changes, or differences, in the 
spatial extent and location of t-fMRI activation peaks. Smoothing of voxel intensities is a common 
step in t-fMRI analyses and varies greatly between studies, often without supplied justification.96 
Smoothing can have dramatic nonlinear effects on voxel variances which can alter the volume and 
shape of activation, as well as the location of peaks (Figure 4 (a)).149 Even kernels as small as 4 mm 
can shift peak-intensity localisation of motor centres by several millimetres.150 Such effects should 
be kept in mind when inferring from activation characteristics, especially with larger smoothing 
kernels, which are more optimal for the small cohort sizes seen in this field. 
Spatial Normalisation 
When conducting group analyses, it is typical to nonlinearly register scans to a standardised “normal 
brain” template. This normalisation step can, however, inappropriately distort the location of tissues 
surrounding brain lesions.151 This may lead to shifts in activation location and activation-size 
differences between groups in damaged hemispheres. Performing affine-only registration, cost-
function marking, or unified segmentation may reduce such effects but does not guarantee their 
elimination.152 These effects should be given consideration when interpreting group-wise analyses, 
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especially given that reported location differences are typically in the millimetre range and derived 
from small sample sizes. 
Cluster Analyses 
Care must also be taken with interpretation of cluster analyses, which comprise the majority of recent 
t-fMRI analyses.96,100 A cluster of voxels discovered through a cluster analysis does not infer that all 
voxels within that cluster were significantly active during the task. A cluster indicates a region that 
meets a minimum size requirement, somewhere inside of which there is evidence against the null 
hypothesis.99,153,154 A consequence of this is that the spatial specificity of these analyses is typically 
low, especially with larger clusters,154 and one cannot make specific inferences about particular 
voxels within the cluster. When studying neuroplasticity, an enlarged cluster does not, thus, 
necessarily mean that neurons on the periphery of that region are newly utilised for a task. Similarly, 
a cluster that has changed shape or shifted slightly may still only have the “true” activation in the 
same location. This is of particular concern when liberal primary voxel-level thresholds (e.g., p<0.01) 
are used, as these further dilute the ability to make claims about spatial location of activation.154 Use 
of liberal thresholds is not uncommon: a recent review of 814 cluster-based fMRI studies published 
in high-impact journals described use of liberal thresholds as “both endemic and detrimental to the 
neuroimaging field”.100 
Disease Confounds 
Beyond their most obvious motor impairment, subjects with brain injuries may also present with a 
number of complicating factors that cannot easily be controlled for between groups or time points 
and may impact t-fMRI analyses in unexpected ways. 
Acute Effects 
In acute and subacute stages of brain injury, fMRI signal may be heavily influenced by temporary 
vascular changes.155 Evolution of activity patterns during this time may also simply demonstrate the 
temporary effects of a regressing oedema, mass effect, and/or inflammation, all of which are expected 
to acutely impact function.156 As such, special care should be taken not to misconstrue t-fMRI changes 
during early disease states as neuroplasticity, without secondary evidence ruling out such causes. 
The Haemodynamic Response Function 
Standard BOLD analyses rely on a number of assumptions, including that neurovascular coupling (1) 
is consistently overcompensatory, (2) is adequately regionally invariant, and (3) has a sufficiently 
standard time-course between regions and subjects. These assumptions may be invalidated by the 
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substantial cerebrovascular damage that is associated with many forms of stroke, TBI, and congenital 
hemiplegia. Altered CBF has been reported for all clinical stages of both stroke157–159 and TBI.155,160 
Stroke patients’ haemodynamics may be additionally impacted nonglobally by concurrent vascular 
disease caused by risk factors such as advanced age, smoking, hypertension, and diabetes mellitus. 
As normal haemodynamic responses overcompensate for metabolic needs, reduced 
cerebrovascular reactivity can present as a diminished BOLD signal, despite unaltered levels of neural 
activity. As such, in longitudinal designs involving nonchronic patients, it may be impossible to 
differentiate between changes in neural activation and cerebrovascular reactivity using t-fMRI 
alone.157 Of particular concern, several studies have found that the haemodynamic response near a 
lesioned site is more strongly impacted by injury than nonlesioned regions, even in chronic disease 
states.155,158,159 Finally, there is evidence that aspects of cerebrovascular reactivity may be correlated 
with motor performance in certain stroke patients,161 even in the absence of marked vascular 
disease.162 It is noteworthy that dynamic causal modelling, a more advanced fMRI analysis method, 
may be more robust to haemodynamic inhomogeneities by modelling haemodynamics in a region-
wise fashion.163,164 
Head Movement 
Head movement can have profound impacts on the fMRI signal. Although movement between frames 
can be reversed through reslicing, there are other sources of signal changes associated with movement 
(e.g., spin history effects) that will remain. Even after statistical adjustment, submillimetre RMS 
movement can lead to measurably reduced statistical power.165 Such movement is more likely in 
subjects with movement disorders (i.e., dystonia) or reduced cognitive abilities or who find the task 
difficult.144 Movement artefacts can be reduced by excluding subjects or censoring frames with 
movements,165 but this may systematically reduce the statistical power for one subject group and can 
lead to sampling biases.144 
Summary and Recommendations 
There is little doubt that t-fMRI is an important neuroimaging modality. The aim of this review is not 
to critique t-fMRI per se nor to blanket-prescribe a specific method by which to quantify functional 
images when measuring neuroplasticity. Rather, we wish to make researchers and clinicians aware of 
the systematic and methodological challenges affecting common t-fMRI study designs, which are 
often not addressed or acknowledged, and elucidate how these issues can be mitigated through a 
multimodal approach. To summarise our case so far, even if confounds such as movement, acute 
effects, and haemodynamic differences are eliminated, it is still possible that some findings may be 
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explainable by unavoidable data processing steps, such as smoothing and spatial normalisation. These 
issues are particularly concerning given the vast patient variability and low subject numbers seen in 
this field. Even when overcoming such issues, assumptions of brain plasticity based on t-fMRI 
evidence alone are problematic due to difficulties in differentiating between recovery, compensation, 
use of preexisting redundancies, changes in strategy, and maladaptive processes. In studies of 
neurorehabilitation, it is critical that researchers can correctly interpret what a change in t-fMRI signal 
actually means in order to understand the mechanisms of functional recovery. 
In this review our basic criteria for informative interpretation required that signal changes 
were moderately stable, meaningfully distinguishable from day-to-day variation, reliably related to 
clinical changes, and offered biological insight into the recovery process. The first, imperative, step 
to meeting these criteria with t-fMRI is to relate changes to valid and reliable measures of motor 
function. Planning longitudinal studies can also provide certainty that any activation changes seen are 
not due to patient heterogeneity. To overcome the remaining challenges, multimodal imaging can 
help in four ways. Firstly, multimodal information can allow more homogenous cohorts to be selected 
or subgroups identified for analysis. Secondly, by providing contextual information, other modalities 
can narrow down which biological process t-fMRI may have indexed. Relatedly, additional 
modalities can quantify potentially influential covariates, such as haemodynamic differences, to 
assess their impact on t-fMRI. Finally, when uncertainties and/or ambiguities are still prevalent, 
change measured through an independent method can provide confidence that t-fMRI is genuinely 
indexing a stable functional change. Many multimodal configurations are available that have already 
proven valuable in helping studies meet these criteria; examples are listed in Table 3. 
Structural MRI 
Structural MRI allows measurement of cortical thickness: essentially an index of locally or globally 
available grey-matter. While cortical thickness can be challenging to measure precisely, especially in 
patient cohorts presenting with cortical lesions or malformations, such analyses are typically 
automated, simple to visually assess, and can be easily overlaid with t-fMRI statistical parametric 
maps. Adequate structural images are routinely acquired within fMRI-scan sessions and usually 
simple to acquire motion-free. While structural imaging is probably less sensitive to change than t-
fMRI, these methods share few sources of uncertainty and provide one another with useful contexts 
for plausible interpretation. In particular, as locally increased grey-matter thickness likely reflects 
newly ongoing utilisation of that tissue,166 increases in this measure may indicate that any 
accompanying t-fMRI activation increases are moderately stable and  reflect some form  of gain-in- 
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Reference Disorder Additional 
measures(s) 
Significance 
Werring et 
al.156  
TBI dMRI Earliest known combined fMRI + dMRI study for a 
recovering patient. Combined imaging revealed 
which corticospinal tracts were partially damaged 
and whether they were still in use. 
Palmer et 
al.176 
Healthy 
subjects 
dMRI 
tractography 
fMRI-guided tractography elucidated minute 
longitudinal structural changes; changes were not 
detected by fMRI alone. 
Cherubini et 
al.174 
TBI dMRI 
tractography 
In patients, fMRI-guided tractography identified 
additional corticospinal connections and more 
normal connectivity patterns than atlas-based 
seeding. 
Staudt et 
al.55  
CP dMRI, TMS TMS, dMRI, and fMRI of motor areas showed good 
agreement, except in the only successfully scanned 
subject with bilateral fMRI activation. For this 
subject, TMS and dMRI ruled out an ipsilateral CST 
connection. 
Rijntjes et 
al.167  
Stroke TMS Integrity of the pyramidal tract was required for 
patients to show lasting responses to CIMT. Long 
term outcomes, fMRI patterns, and correlations 
between these factors were dependent on such 
integrity. 
Wilke et 
al.126 
CP TMS, MEG Multimodal imaging demonstrated that sensory 
organisation was preserved despite motor 
reorganisation. 
Schaechter 
et al.293  
Stroke Cortical 
thickness 
fMRI activations correlated with cortical thickness 
specifically in putative area 3b of the lesioned 
hemisphere. 
Xiong et 
al.169 
Healthy 
subjects 
PET The fact that fMRI “returns to baseline” in long term 
motor training may be due to an increased baseline 
rCBF, rather than the assumed decrease in activation 
during task performance. 
Table 3. Example of multimodal studies of brain injury and neuroplasticity. TBI: traumatic brain 
injury; dMRI: diffusion MRI; CIMT: constraint-induced movement therapy; CP: cerebral palsy; 
TMS: transcranial magnetic stimulation; MEG: magnetoencephalography; PET: positron emission 
tomography. 
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function rather than, for example, a switch to an unchanged “backup” network. Changes seen in 
cortical thickness are particularly beneficial to studies with limited subject numbers, where well-
powered group analyses, which can rule out day-to-day variability in neural or vascular dynamics, 
are difficult or impossible to perform. 
Analyses of structural images and diffusion MRI (below) can also quantify potential 
covariates (such as degeneration, regressing oedema, or developmental maturation) that may affect t-
fMRI metrics longitudinally and are likely to vary by subject-cohort and time-point. 
TMS 
TMS is unique in its ability to directly characterise structural-functional connectivity, including 
intercortical inhibition, corticospinal tract conductivity, and motor thresholds. TMS may prove 
particularly useful for studies that need to characterise the functional meaning of t-fMRI determined 
LI changes. TMS has been used in multiple studies to differentiate between subject subgroups, 
allowing researchers to understand the biological significance of bilateral fMRI activation patterns in 
CP55,126 and reveal correlations between fMRI changes and long term outcomes in stroke.167 
EEG and MEG 
Magnetoencephalography (MEG) and electroencephalography (EEG) can improve certainty in t-
fMRI changes by providing direct measures of net neuronal activity that are not likely to be impacted 
by factors such as haemodynamics, or the aforementioned methodological considerations. The very 
high temporal resolution of these methods can also allow researchers to distinguish between stages 
of processing, such as motor planning and execution.120 Concurrent EEG + fMRI is now possible, 
although caution may be advised in cohorts for whom head movement is an issue, as concurrent 
artefacts may result in plausible type-I errors.168 
EEG and MEG information can profoundly change the interpretation of changes in t-fMRI 
metrics, such LI or activation volume, and elucidate whether comparisons between subject groups 
are valid. For example, MEG has been used in conjunction with fMRI and TMS to demonstrate that, 
in some subjects with CP, bilateral t-fMRI S1M1 activation reflects contralateral somatosensory 
processing alongside ipsilateral (reorganised) motor processing.126 This illustrates clearly how 
categorisation of such subjects into homogeneous subgroups can be critical for t-fMRI metrics to be 
appropriately interpreted (Figure 5). The researchers highlighted that, particularly for motor-based t-
fMRI, “[d]efinitively disentangling such bilateral activation is… only possible when complementary 
methods are used, like TMS and MEG”.126 
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PET and ASL 
Positron emission tomography and arterial spin labelling are neuroimaging methods that can provide 
measurements of regional CBF, and so reveal whether haemodynamic differences are affecting fMRI 
measurements. Arterial spin labelling is a contrast-agent-free MRI technique that can be carried out 
in ~10 minutes, during the same session as an fMRI. PET is advantageous in that it can additionally 
provide direct measures of glucose metabolism in brain tissue but requires access to PET imaging 
equipment and associated radiopharmaceutical facilities. Because both of these methods provide 
quantitative measures of local haemodynamics, they can quantify precisely how fMRI measurements 
in each region are affected by factors such as angiogenesis or vascular impairments. This may provide 
certainty in situations involving lesions, suggest adjustment of haemodynamic parameters, provide 
guidance on study design (i.e., indicate whether a block-design should be chosen over an event-related 
design), or shed light on otherwise-unclear findings. In one illustrative study of healthy adults, 
increases in t-fMRI activation volumes were shown in the supplementary motor area and M1 after 
two weeks of motor training.169 These volumes subsequently declined to near-baseline values during 
the following two weeks of training, despite ongoing improvements in motor performance. PET scans 
showed that regional CBF increased between all time points, revealing that fMRI decreases were 
probably due to increased blood flow at rest, rather than actual decreases in brain activity during task 
execution. 
Diffusion MRI 
Diffusion MRI (dMRI) measures the directional diffusivity of water in tissue and can provide a 
variety of useful metrics. In subacute head injury or stroke, dMRI can be used to ensure that t-fMRI 
differences reflect more than inflammation or oedema. “Microstructural integrity” indices, such as 
fractional anisotropy and mean diffusivity, can provide evidence that t-fMRI changes represent 
ongoing changes in brain activity outside of the scanner: these metrics correlate with, and are sensitive 
to, myelination, which increases in response to ongoing electrical activity.170 Advanced analyses can 
identify white matter pathways, calculate their intra-axonal volumes, and index the physical 
“connection strength” between cortical and subcortical regions. These measures correlate with 
functional measures in CP51 and may help provide a more complete picture when interpreting changes 
between balances of activation between brain regions. Another form of dMRI, neurite orientation 
dispersion and density imaging,171 provides the opportunity to reveal whether shifts or enlargements 
of t-fMRI activation reflect local network changes in, for example, the cortex or thalamus.172 
Diffusion MRI data are easily acquired in the same session as an fMRI scan, usually in 8–12 
minutes. As dMRI is acquired at rest, overt movement is easier to avoid than with t-fMRI and is 
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unlikely to be correlated with factors such as ability. Standard preprocessing methods can also correct 
or “scrub” moderately (≤10%) motion-corrupted dMRI data without compromising the final result.173 
t-fMRI Fusion 
Finally, a promising alternative approach is to not infer directly from t-fMRI activation patterns, but 
rather to use t-fMRI to identify functionally important regions-of-interest in which other modalities 
 
Figure 6. Utilising fMRI in conjunction with a number of other modalities. The red region indicates 
an area of significant activation, determined with fMRI. When combined with structural MRI, these 
activated regions can be used as ROIs in which targeted measures of cortical thickness can be made. 
When combined with diffusion MRI, the fMRI ROIs can be used as sample regions for FA and MD 
values within subcortical white matter, both of which provide information about tissue 
microstructure. These ROIs can also act as seed regions to drive tractography, from which white 
matter connectivity and integrity can be measured. Combining fMRI with TMS measures can also 
provide context to and certainty about the functional-relevance of fMRI-based findings. ROI: region 
of interest; FA: fractional anisotropy; MD: mean diffusivity; TMS: transcranial magnetic 
stimulation. 
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should make measurements (Figure 6). This fusion of information can avoid some pitfalls of 
overanalysing changes in activation patterns, while considerably improving the sensitivity and 
interpretability of other modalities.174,175 One fusion method which is being progressively adopted is 
the use of t-fMRI activation patterns to guide diffusion tractography, allowing this method to focus 
microstructural and structural-connectivity measurements on functionally relevant areas.174–176 
Optimising Multimodal Study Designs 
Asking a specific research question is fundamental to optimising a study design. Focussed questions 
(e.g., “How does rehabilitation alter S1M1 connectivity?”) are not only inherently more testable than 
very broad questions (e.g., “What does rehabilitation change in the brain?”), but can also provide 
guidance on which study design is appropriately powerful, which modalities and behavioural 
measures can contribute to the overall picture, and how t-fMRI metrics may require supplementation 
or disambiguation with additional information. For example, investigations into somatosensory 
processing may require teasing apart t-fMRI activation using temporally precise signals (MEG) 
and/or information about integrity of the corticothalamic tracts (TMS or dMRI). 
With a specific question in place, one should then consider which factors may primarily impair 
t-fMRI interpretability. Modalities that can minimise such issues are those which can either quantify 
their extent or provide supplementary evidence that is unaffected by such issues. For example, if a 
difference in t-fMRI activation volume is expected between two groups, but one group may have 
impaired haemodynamics, quantifying regional-CBF with arterial spin labelling, or directly 
measuring brain activity with MEG, may be of great benefit. As a contrasting example, a t-fMRI 
study of subjects displaying dyskinesia is unlikely to benefit greatly from dMRI, as both may be 
confounded by movement artefacts. 
Finally, in some situations, the benefits of multimodal imaging may be limited. Studies with 
very low subject numbers, particularly cross-sectional studies, may see limited benefit from 
modalities that are less sensitive to change or have high intersubject variance. In such cases, resources 
may be better spent on boosting subject numbers or collecting additional behavioural information 
than on additional neuroimaging. In addition, studies that are unable to collect relevant and reliable 
clinical measures have limited abilities to discern the relevance of neuroplastic changes, regardless 
of how many imaging measures are taken. 
Conclusion 
For measures of neuroplasticity in subjects with brain injuries, the reliability and interpretability of t-
fMRI is hampered by a unique set of systematic and methodological challenges. Multimodal imaging 
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provides the opportunity for t-fMRI results to be interpreted with more confidence and biological 
specificity, ultimately providing greater understanding of the rehabilitative process. Which 
complementary imaging modality offers the most benefit depends on the study question and subjects 
selected. Many of these modalities have a minimal time and financial cost for acquisition while still 
offering exciting, novel opportunities to explore the relationship between structure, function, and 
clinical outcome which simply cannot be investigated in any other way. 
Addendum 
Since the publication of this Chapter as a peer-reviewed paper, it has been suggested that a topic 
missing from its discussion was the use of alternative statistical models, particularly resting state 
fMRI and multivoxel pattern analyses. The scope of the above Chapter was purposefully limited to 
GLM analyses not only because these are overwhelmingly popular, but also because their relative 
simplicity means that associated issues are generally applicable to more complex models. For 
example, while multivoxel pattern analysis may allow one to test more sensitively the activation 
differences of two tasks, task equivalency, abnormal haemodynamic responses, head movement, 
spatial normalization, and so on still present as compounding issues in brain injured cohorts. To the 
author’s knowledge there is no evidence that such an approach is more robust to these issues than 
GLM analyses. In fact, it seems logical that such an approach is potentially more susceptible to such 
issues, given that it relies on machine learning that is ‘trained’ on a subset of the data, and then applied 
to the rest: these issues may present more strongly at some time point or in some patients than others. 
Regardless of the statistical methodology, the benefits of using multimodal imaging, rather than 
standalone fMRI, seem clear. 
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Chapter 4  
Surface-Based fMRI-Driven Diffusion 
Tractography in the Presence of Significant 
Brain Pathology: A Study Linking Structure & 
Function in Cerebral Palsy 
The previous chapters identified a number of means by which neuroplasticity could potentially be 
measured noninvasively in humans. One large issue with many standard structural methods is that 
they rely on assumptions about brain organisation which are invalidated by pathology. For example, 
such methods typically utilise standard brain parcellation maps (atlases) to identify specific functional 
regions, but brain shape and functional organisation may be altered substantially by brain injury. 
Another issue is that the presence of pathology results in standard processing steps, such as aligning 
volumes with atlases, behaving unreliably or failing outright. Although much more conservative 
regions could be utilised to improve reliability, the inclusion of unrelated areas may also reduce the 
sensitivity of methods to detect longitudinal change. 
This chapter consists of the paper Surface-Based fMRI-Driven Diffusion Tractography in the 
Presence of Significant Brain Pathology: A Study Linking Structure and Function in Cerebral Palsy, 
published in Plos One. This paper outlines a novel, specialised, method for delineating the 
corticospinal and thalamocortical tracts specifically associated with hand use. The properties of these 
tracts can then be assessed with diffusion MRI. The technique is particularly novel in that it is robust 
to severe pathology, and utilises machine learning to differentiate corticospinal tracts from 
thalamocortical tracts. This reduces the need for atlases and/or manual delineation, and providing 
more coherent tract estimations. 
This work addresses Aim 2 of this thesis: address the need for algorithms that can reliably 
detect subtle structural brain changes and that perform well in the presence of pathology. Although 
this chapter does not formally calculate the reliability of this method, it demonstrates that the 
produced measures correlate with several clinical scores and, in this regard, performs substantially 
better than state-of-the-art fMRI-guided tractography. In detecting such correlations, the present 
chapter identifies that such measures are a sensible region in which to search for neuroplastic change 
in a motor rehabilitative trial. The sensitivity of this method is demonstrated in Chapter 6, its ability 
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to perform in a longitudinal study is demonstrated in Chapter 7, and a formal analysis of its reliability 
is conducted in Chapter 8. 
As first author of this paper, I designed and programmed the described imaging pipeline, 
analysed and interpreted the data, and wrote the manuscript. All authors reviewed and edited the 
paper. Stephen Rose also aided in initial conception of the pipeline. 
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Abstract 
Diffusion MRI (dMRI) tractography analyses are difficult to perform in the presence of brain 
pathology. Automated methods that rely on cortical parcellation for structural connectivity studies 
often fail, while manually defining regions is extremely time consuming and can introduce human 
error. Both methods also make assumptions about structure-function relationships that may not hold 
after cortical reorganisation. Seeding tractography with functional-MRI (fMRI) activation is an 
emerging method that reduces these confounds, but inherent smoothing of fMRI signal may result in 
the inclusion of irrelevant pathways. This paper describes a novel fMRI-seeded dMRI-analysis 
pipeline based on surface-meshes that reduces these issues and utilises machine-learning to generate 
task specific white matter pathways, minimising the requirement for manually-drawn ROIs. We 
directly compared this new strategy to a standard voxelwise fMRI-dMRI approach, by investigating 
correlations between clinical scores and dMRI metrics of thalamocortical and corticomotor tracts in 
31 children with unilateral cerebral palsy. The surface-based approach successfully processed more 
participants (87%) than the voxel-based approach (65%), and provided significantly more-coherent 
tractography. Significant correlations between dMRI metrics and five clinical scores of function were 
found for the more superior regions of these tracts. These significant correlations were stronger and 
more frequently found with the surface-based method (15/20 investigated were significant; R2 = 0.43–
0.73) than the voxelwise analysis (2 sig. correlations; 0.38 & 0.49). More restricted fMRI signal, 
better-constrained tractography, and the novel track-classification method all appeared to contribute 
toward these differences. 
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Introduction 
Cerebral palsy is a term describing a group of permanent disorders of movement and posture owing 
neurological insult, or non-progressive disturbances of neurological development, that are presumed 
to have occurred by the time of birth.1 The majority of cases are due to periventricular white-matter 
damage that is assumed to occur during the third trimester.5–7 Children with cerebral palsy often have 
learning impairments, and are restricted in both their mobility and ability to participate in everyday 
activities.177 As with disorders caused by acquired brain injuries, current rehabilitative efforts are 
hampered by a limited understanding about the relationship between brain structure, function, and 
brain pathology.103 In cerebral palsy, this picture is complicated further by ongoing neural 
development that occurs during childhood. Structural MRI is one modality that has been utilised to 
investigate cerebral palsy, but relationships between gross structure and functional outcomes are not 
straightforward, and have proven difficult to ascertain.178 
Diffusion MRI (dMRI) is an increasingly popular modality that is used to investigate links 
between white matter (WM) injury and clinical outcomes. A number of dMRI studies investigating 
WM injury in cerebral palsy have reported relationships between microstructural characteristics of 
the cerebrospinal tract and functional outcomes.103,179 In unilateral cerebral palsy, questions still 
remain as to whether the primary contributor to upper-limb motor impairment is damage to 
corticomotor tracts or associated damage to the thalamocortical sensory pathways.51,59 Although 
standard analyses might have the potential to provide answers to these questions, such approaches 
are often difficult or impossible to perform on moderately impaired children with cerebral palsy due 
to the presence of pathology and potentially-atypical brain organisations. 
Most diffusion analyses provide metrics that can be used to make inferences about the brain’s 
underlying microstructure. When studying motor function, such approaches require robust 
delineation of cortical motor regions and/or subregions (such as the hand knob). Cortical parcellation 
performs this role reliably in healthy individuals, but problems often emerge when applying analyses 
to individuals with brain pathology. These problems are twofold. Firstly, tools such as Freesurfer 
(http://surfer.nmr.mgh.harvard.edu) often fail to delineate the cortical surface when pathology or 
abnormal morphology is present. For example, in our experience, Freesurfer fails to delineate this 
surface acceptably in around 30% of children and adolescents with mild-to-moderate cerebral palsy, 
even after repeated manual adjustment. Consequently, the majority of studies measuring dMRI 
metrics in cerebral palsy (and similar conditions) so far have relied on manual-parcellation.179 
Unfortunately, manual parcellation is prone to bias or human error and is extremely time consuming, 
especially when pathology is present. The second issue is that cortical parcellation, both automated 
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and manual, may be invalidated by functional reorganization that occurs in response to pathology 
(Figure 7). Using coarser regions of interest (ROIs; such as the entire sensorimotor cortex) might 
improve confidence that tissue that is functionally-relevant to the hypothesis is included, but will 
likely also include tissue that is functionally irrelevant to the hypothesis at hand. Tracking towards 
the surface using multiple hand-drawn ‘include’ ROIs is an alternative approach. This can often 
identify the corticomotor tracts reasonably, but is unable to reliably locate specific subregions of 
interest (such as those innervating the hand knob) and in a clinical situation often results in tracks that 
fail to reach the cerebral surface.  
In situations where specific regions of interest are known a-priori, the need for cortical 
parcellation can be circumvented through the use of task-based functional MRI (fMRI).103,175 In such 
a method, areas of significant fMRI activation are used as seeding regions for diffusion tractography. 
This method has been used in several studies of healthy subjects,175 by utilising standard voxel-based 
software packages such as SPM (http://www.fil.ion.ucl.ac.uk/spm/software) and MRTrix.180 
Standard fMRI analyses include an appreciable amount of implicit and explicit smoothing, which can 
artificially increase the size of the detected activation beyond its true boundaries.103,181 Additional 
smoothing also takes place when fMRI images are converted into dMRI seed images (i.e. reslicing 
and/or expanding activation ROI into WM). This is not usually a meaningful issue in standard fMRI 
interpretation, but when expanded ROIs are used for tractography seeding or filtering, this issue might 
result in the inclusion of irrelevant WM tracts. Applying binary inclusion/exclusion ROIs to 
tractography may filter out some of these tracks, but this method relies totally on assumptions of brain 
connectivity patterns that may not hold true in participants with pathology. The challenge of creating 
fair ROIs for such filtering that do not filter or miscategorise legitimate plasticity can be as difficult 
as manual parcellation, and is prone to the same challenges we have already discussed. 
One method that can improve the specificity of fMRI-determined activation is surface-based 
smoothing.182 That is, explicitly smoothing the data along the brain’s topology, rather than in image 
space. Theoretically, this method could constrain fMRI activation legitimately, providing a tighter 
seed for tractography that circumvents having to rely on highly-accurate individually-tailored ROIs 
for track filtering. Standard pipelines that use this method (e.g. FS-FAST), however, will also still 
include some implicit cross-sulci smoothing during motion correction, projection between surface 
and voxel-based representations, and subsequent conversion into dMRI-seed ROIs. More 
importantly, these methods rely on Freesurfer-based meshes that are often impossible to generate 
when moderate pathology or abnormal morphology is apparent. 
This paper describes a surface-based fMRI protocol that performs reliably in people with 
moderate or significant pathology, and minimizes the aforementioned difficulties related to 
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smoothing by eliminating reslicing. The resulting surface is used to both seed and anatomically 
constrain diffusion tractography. Rather than requiring high quality 3D ROIs of the midbrain, which 
can be difficult to obtain in the presence of pathology (Figure 8), the method optionally provides track 
categorisation through simple clustering algorithms that accept roughly-drawn 2D ROIs as hints. This 
method was demonstrated in a cohort of children with mild-moderate unilateral cerebral palsy, and 
the resultant diffusion measures were correlated with participants’ clinical characteristics. These 
results were compared with results obtained using a more standard voxel-based-fMRI + dMRI 
pipeline on the same dataset. The surface-based method was also run without track clustering to 
determine the contribution of this element to the quality of tractography. 
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Figure 7. Functional MRI activation for a hand tapping task (top), and corresponding T1 images 
(bottom) for two children with unilateral cerebral palsy. The top-left of each image represents the 
anterior-left of each brain. Left Column: a higher-functioning child tapping their less-impaired 
(right) hand. Robust unilateral activation can be seen in the ‘typical’ hand knob location of the 
sensorimotor cortex, as may be expected from a typically developing child. Right Column: a child 
with higher degrees of brain damage tapping their more-impaired (left) hand. Activation appears 
more medially, bilaterally, and anteriorly; predominantly in the assumed supplementary motor areas 
rather than in the typical hand-knob locus. These differences may illustrate potentially abnormal 
brain organisation occuring in response to the early-life brain injury sustained. Images are not to 
scale. 
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Figure 8. Examples of participants with unilateral cerebral palsy, for whom neurological 
abnormalities include distortion of the midbrain, and/or loss of contrast between the thalamus and 
posterior limb of the internal capsule. Subtler losses in contrast are indicated by arrows. Such 
abnormalities can make reliable delineation of these structures difficult to perform. The top row 
displays two slices from a single participant. The remaining images are from six different 
participants. All displayed participants contributed data that was utilized for one or more analyses.
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Methods 
Overview 
Two pipelines were used to obtain corticomotor and thalamocortical tracks, from which 
measurements of fractional anisotropy (FA) and mean diffusivity (MD) were obtained. The Surface 
method utilized a simple tissue segmentation approach to generating a mesh. This mesh was then 
used in a surface-fMRI analysis that identified the sensorimotor area for each participant. Diffusion 
tractography was then seeded from this sensorimotor surface, and constrained by this mesh. 
Corticomotor and thalamocortical tracts were then delineated using a clustering algorithm. The 
Voxel-Based analysis used a standard SPM fMRI analysis in voxel space to identify the sensorimotor 
area. This area was then used to seed tractography, which was constrained by a brain mask. 
Corticomotor and thalamocortical tracks were then delineated using hand-drawn midbrain ROIs. 
Participants 
Imaging and clinical data were acquired as part of the Mitii clinical trial.13 This analysis included data 
from 37 children (Mean age 11.7y; SD 2.7y), who had acceptable dMRI scans and did not exhibit 
behavioural issues that impaired data quality (e.g. repeated purposeful head movement) during fMRI 
or structural scans. All had a diagnosis of mild to moderate spastic-type unilateral cerebral palsy, with 
injury to the periventricular white matter (65%) or cortical deep grey matter (35%), a Gross Motor 
Function Classification System Level I (43%) or II, and Manual Abilities Classification scale 
(MACS) I (32%) or II. Diagnoses of CP subtype were made by a paediatric neurologist based on T1, 
T2 HASTE, and T2 TIRM volumes; the neurologist was blinded to clinical information. Detailed 
clinical characteristics are provided in Table 4. Representative examples of pathology are shown in 
Figure 8 and Figure 9. Written informed consent was obtained from the parent or legal guardian of 
each child. Ethical approval was obtained by the Medical Ethics Committee of The University of 
Queensland (2011000608), The Royal Children’s Hospital Brisbane (HREC/11/QRCH/35), and the 
Cerebral Palsy Alliance Ethics Committee (2013-04-01). The Mitii study was registered with the 
Australian clinical trials register (www.anzctr.org.au): ACTRN12611001174976. 
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Figure 9. Examples of pathology seen in the enrolled cohort. The top row displays one coronal and 
one axial image from two participants with severe brain pathology. The remaining two rows display 
images of eight unique participants. No participants are duplicated from Fig 2. All displayed 
participants contributed data that was utilized for one or more analyses. These images, combined 
with those in Figure 8, are representative of the range of pathology severity seen across enrolled 
participants. 
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Analysis 
Stage 
N Age Left-sided 
Hemiplegia 
Male GMFCS 
I 
MACS I PWM AMPS-M JHFT-AI COPM-P AHA MUUL 
Enrolment 37 11.7±2.7 41% 51% 43% 32% 65% 1.29±0.37 0.46±0.28 4.50±1.27 70.1±14.8 85.9±16.9 
Attempted 31 11.8±2.9 45% 45% 48% 32% 71% 1.32±0.36 0.44±0.27 4.58±1.26 70.8±13.2 88.5±12.3 
Surface 
Succeeded 
27 12.0±2.7 41% 44% 48% 37% 74% 1.37±0.33 0.39±0.25 4.65±1.18 73.8±10.7 90.8±9.9 
Surface 
Correlations 
24 11.6±2.4 44% 48% 50% 38% 79% 1.39±0.33 0.40±0.25 4.68±1.25 74±11.4 91.1±9.9 
Voxelwise 
Succeeded 
20 12.0±2.7 45% 50% 40% 30% 75% 1.26±0.31 0.45±0.28 4.54±1.19 71±12.6 89.9±10.8 
Voxelwise 
Correlations 
18 12.0±2.8 50% 50% 39% 28% 83% 1.26±0.30 0.48±0.28 4.53±1.26 70.7±13.3 89.5±11.0 
Reanalysis 16 12.0±3.0 44% 56% 38% 31% 88% 1.28±0.30 0.43±0.27 4.41±1.28 72.8±12.4 90.1±11.0 
             
Table 4. Left-sided hemiplegia refers to percentage of participants whose left arm was more impaired than their right. GMFCS I and MACS I refers to 
the percentage of patients scored as classification I for these scores; all others are level II. PWM refers to the percentage of participants with 
periventricular white-matter damage; all others had cortical deep grey matter injury. ‘Attempted’ rows include participant-datasets for whom fMRI 
analysis was attempted. ‘Succeeded’ include all datasets that were successfully processed through to diffusion metrics, inclusive. ‘Correlations’ rows 
include all participants included in correlation analyses (i.e. excludes participants with distinctively non-unilateral lesions). ‘Reanalysis’ row refers to 
the subset of data used during reanalysis of overlapping voxelwise and surface-based data. Ages and clinical scores are provided as mean ± standard 
deviation. All percentages are to 2 sf. Acronyms: GMFCS, Gross Motor Function Classification System; MACS, Manual Ability Classification System; 
PWM, periventricular white-matter damage; AMPS-M, motor component of the Assessment of Motor and Process Skills; MUUL, the Melbourne 
Unilateral Upper Limb Assessment; AHA, the Assisting Hand Assessment logit; JHFT-AI, the Jebsen-Taylor Hand Function Test asymmetry index; 
COPM-P, The Canadian Occupational Performance Measure performance score. 
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Figure 10. Summary of the pipeline for the Surface-based fMRI-guided dMRI tractography. Images 
and meshes associated with each major step depict real results from a single participant enrolled in 
this study. Major steps of the pipeline include tissue segmentation, mesh generation, projection of 
fMRI echo-planar image values onto the mesh, statistical fMRI calculation on the mesh, fMRI-seeded 
tractography, and tract clustering. See text for additional details.  
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Surface Method 
The surface method pipeline is summarised in Figure 10. 
Mesh Generation 
A mesh of the grey matter-white matter interface was generated using a tissue segmentation driven 
by an expectation-maximization algorithm that has been described previously.183,184 In this study, 
high resolution T1 MPR (TR/TE: 1900/2.32ms; 0.9mm isotropic) and T2 HASTE images (TR/TE 
1500/81ms; 0.69 x 0.69 x 4mm) were used for tissue segmentation, and six age-appropriate atlases 
(from typically developing children) were utilized for each participant. Two Gaussians were fit to 
describe to gray-matter tissue intensities, and one Gaussian was fit to each of the other tissue classes. 
To improve this segmentation, a white-matter exclusion mask was generated by dilating the inverted 
brain mask three times. Clusters of voxels classed as WM were reclassed as gray matter if they both 
(i) overlapped this mask at any position and (ii) were smaller than 40 voxels in volume. The marching 
squares algorithm then produced a mesh of the gray-matter/white-matter interface with a mean vertex-
to-neighbour-vertex distance of ~0.9mm. Meshes were in participant T1 space and checked visually 
before further analysis. 
Surface-based fMRI 
Two block-design task-based fMRI scans, each consisting of 90 echo planar images (TR/TE 
3000/30ms; 3mm isotropic; full brain coverage), were collected for each participant in a single scan 
session on a Siemens Tim Trio 3T (Siemens, Erlangen, Germany) scanner. Distortion correction was 
applied online by the scanner. Each scan consisted of nine 30-second blocks, alternating between 
‘stop’ and ‘move’ conditions. A visual cue consisting of the words ‘stop’ or ‘move’ was visible at all 
times, in addition to an auditory click that was delivered at 1Hz. Participants were instructed to tap 
their hand, by full extension at the wrist, in time with this cue in the ‘move’ condition, and to remain 
still during the ‘stop’ condition. Participants who were unable to perform a full-wrist extension due 
to physical impairment were asked to perform the largest tap that they could comfortably maintain 
(e.g. with fingers) without moving their forearm. Participants tapped using their more able hand in 
the first scan and more impaired hand during the second scan. We shall refer to these as the ‘able’ 
and ‘impaired’ hand tasks for brevity, but it should be noted that many participants displayed some 
degree of impairment in their more-able upper limb. These tasks were practiced out of the scanner 
immediately before the session began.13 During the scan, an observer noted the quality of movements, 
the number of successful taps per block, as well as timing and degree of any body movements. 
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The long block lengths used in this scan eliminated the need for slice-timing corrections and 
reduced the potential impact of abnormal haemodynamic responses, which have been documented 
multiple times in participants with brain injuries.155,159,160 
Motion and Projection: The required coregistration between EPI images was estimated using 
mcflirt,185 and applied to each frame’s header (i.e. without reslicing). The registration between the T1 
and mean EPI image used by mcflirt were calculated using the epi_reg script from FSL 5.0, which 
utilises boundary-based registration to generate rigid registration parameters.186 The mesh was then 
moved into EPI space using these parameters, and visually inspected. To ensure analysis of gray-
matter activation, the registered mesh was expanded outwards by 1mm before values were projected 
onto each vertex mesh using nearest-neighbour interpolation. The result for each dataset was a motion 
corrected cine-mesh of grey-matter EPI intensities. 
Head motion larger than 2mm is common in children with cerebral palsy during fMRI scans, 
which can preclude standard fMRI analyses. Framewise displacement165 was, therefore, calculated 
and frames with a framewise displacement above 0.9mm were rejected. Datasets with 20 or more 
rejected frames across the two fMRI scans were excluded from further analysis. 
On the surface, our original node-to-node distance was around three times the EPI image 
resolution. Decimation was employed to halve the number of triangles in the mesh. This reduced 
computational complexity, whilst maintaining a sufficiently high-resolution surface to represent the 
underlying image data accurately. Surface-based smoothing of vertex values was then carried out 
using a Laplacian-Beltrami filter.187 An 8mm FWHM smoothing kernel was selected based on the 
large cortical representation for hand and forearm movements described in anatomical studies of 
healthy participants188 and fMRI studies of children with cerebral palsy.68,105 
Analysis: Required SPM 8 code was ported into the .NET framework and modified to accept 
meshes, rather than images, as input for all fMRI processing steps. Meshes were treated as two 
dimensional surfaces with anisotropic spacing between vertices. Due to frame rejection in the 
previous step, aspects of this code were changed to avoid implicit assumptions that frames were 
evenly spaced temporally. In line with a previous report,165 preliminary analyses demonstrated that 
the addition of translation (head-motion) parameters as GLM regressors in the presence of motion 
censoring made little difference to the degree of motion artefacts in participants with movement 
(visually assessed). Furthermore, in some instances these parameters sufficiently reduced the 
statistical power to the point where plausible significant activation shrank visibly in participants 
demonstrating weaker activation. Because of this, we included only rotation parameters as covariates-
of-no-interest for our analysis. A high-pass filter of 120s and the standard SPM8 hemodynamic 
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response function were used. Temporal autocorrelation was modelled using the standard white noise 
and autoregressive AR(1) model. Contrasts between ‘move’ and ‘stop’ conditions were calculated for 
the able- and impaired-hand scans separately, and the resulting standard parametric maps for each 
scan were thresholded at p<0.05 (FWE corrected) and binarised. Group analyses were not performed 
for the surface or voxel-based fMRI, as the purpose of the fMRI analysis was to locate the functionally 
relevant primary sensorimotor area for each individual, rather than interpret activation metrics. 
Filtering: Significant activation was often seen in regions such as the supplementary motor 
area and cerebellum that were not of interest for this particular analysis. The largest plausible 
activation clusters near the presumed hand knob on the precentral gyri were retained and other 
activation clusters (including minor motion artefacts) were manually discarded (Supplementary 
Figure 1). Participants noted to have moderate degrees of motion artefacts in this step were rejected. 
The two resulting binarised SPM meshes for each participant were then combined with logical ‘OR’ 
for a final seeding mesh. 
Tractography 
We acquired a 64-direction high-angular resolution diffusion image sequence with b = 3000s/mm2,189 
, one b = 0 image, whole brain coverage, and 2.34mm x 2.34mm x 2.5mm spatial resolution (NEX = 
1). An extensive preprocessing procedure that has been described previously58,190 was utilised to 
correct for image artefacts caused by cardiac pulsation, head motion, and image distortions. FA and 
MD maps were calculated using a copy of MRTrix 2.9 that was modified to utilise surfaces as masks 
during tractography. Constrained spherical deconvolution was used to estimate the fibre orientation 
distributions utilised for tractography. 
The registration between the T1 and FA map was calculated using the epi_reg script from 
FSL. The seeding mesh was returned to the grey-matter/WM interface in T1 space, then registered to 
diffusion space using these parameters. At this stage, the seeding mesh was duplicated to provide an 
anatomically-constraining mesh (mesh ‘brain mask’). The seeding mesh was then shrunk inward 
1mm at all points to ensure tracks started in the WM. 
As we were interested in both the thalamocortical and corticomotor tracks, two-dimensional 
inclusion ROIs of (1) the thalamus and (2) the posterior limb of the internal capsule were drawn with 
ITK SNAP191 on a 1mm-isotropic track density image192 at the most superior axial slice inferior to 
the corpus callosum (Figure 11). An inclusion ROI of the brainstem was drawn on the first axial slice 
inferior to the pons. ROIs were drawn by a researcher blinded to participants’ clinical scores. For 
each participant, a target of 20,000 tracks were generated that passed from the seeding region, through 
either of the midbrain ROIs, then terminated in the brainstem ROI. A similarly-drawn two-
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dimensional ROI of the corpus callosum was used as an exclusion mask to exclude inter-hemispheric 
connections. 
Seeding for probabilistic tractography took place from all triangles consisting of three 
neighbouring vertices that survived the statistical thresholding described earlier. Seeding was 
probabilistic and approximately uniform across the seeding area: the likelihood of each triangle being 
chosen to be seeded from on any given iteration was linearly-proportional to its surface area. The 
seed positions within each triangle were random and resultantly uniform. The initial direction for 
each track was inward, and perpendicular to the triangle from which it was seeded from. Tracks were 
terminated upon entering any voxel with an FA ≤ 0.1 or crossing any triangle in the anatomically-
constraining mesh. A step size of 0.2mm and minimum curvature radius of 1mm were used. 
 
Figure 11. Example tractography from the surface-based (left column) and voxel-based (right 
column) methods, in a single participant with left-hemispheric pathology. The top row shows all 
tracks from all slices, with thalamocortical tracts in green or blue and corticomotor tracts in red or 
yellow. In this participant, the superior sections of the tracts were considerably more coherent when 
delineated with the surface-based method. The bottom row shows an axial slice at the level of the 
dotted white line. For this participant, at this level, track clustering (left) provided visually similar 
results to the region-of-interest based approach to track classification. Arrows indicate the 
approximate location of the midbrain regions of interest that were used to filter tracks. 
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Semi-Automated Track Identification: In preliminary analyses, manually drawn 2D posterior-
limb-of-the-internal capsule and thalamic ROIs often proved ineffective for filtering thalamocortical 
from corticomotor tracks, primarily due to the partial overlap of such tracks in the midbrain. Manually 
drawing 3D ROIs, however, is extremely time consuming, especially in the presence of pathology or 
with large numbers of participants, and may be subject to human biases. To circumvent this problem, 
tracks were classed as either thalamocortical or corticomotor using the following two stage k-means 
clustering algorithm. 
Track identification used a standard k-means clustering algorithm. Input was a single MRTrix 
track file containing all tracks passing from the assumed sensorimotor cortices, through the posterior 
limb of the internal capsule or thalamus, and to the brainstem inferior to the pons. Care was taken to 
draw the 2D midbrain ROIs as accurately as possible in this study due to the voxelwise analysis’ 
reliance on these ROIs. Experimentation suggested that clustering algorithm was very robust to 
roughly drawn ROIs, however, including when ROIs overlapped by several voxels in areas of 
uncertainty. 
The first stage of the process split input tracks into those in the left and the right hemispheres. 
The mean features of each cluster were initially set to the features from a random track. The algorithm 
was allowed a maximum of two clusters. Each track was converted into four features: the X and Y 
coordinates of a track’s first node (i.e. at the cortex), and the X and Y coordinates of the first node 
inside either of the midbrain ROIs, in standard space. Upon each iteration, the clustering algorithm 
assigned each track to the cluster that minimised the following cost function:  
𝐶𝑜𝑠𝑡 = ∑(𝑡𝑖,𝑓 − 𝜇𝑓)
2
𝑖,𝑓
 
Where ti indicates track i, feature f, and µf indicates the mean value for feature f of the cluster 
in question. Convergence was defined as when no tracks were swapped between clusters on an 
iteration, or when 1000 iterations was reached. Clustering was attempted three times; results from the 
attempt with the lowest global cost were kept. The resulting clusters were automatically defined as 
either left- or right-hemispheric, based on their mean midbrain coordinates. 
The second stage of the process separated motor from thalamic tracks, and was run on each 
hemisphere’s tracks separately. Twelve features were selected: the X and Y coordinates of the first 
node inside either of the midbrain ROIs; the X, Y, and Z coordinates of the 50th node after (inferior 
to) the midbrain ROI; the X, Y, and Z coordinates of the node 50 nodes before the end of the track; 
the X and Y coordinates of the final node (i.e. brainstem); whether the track passed through the 
66 
posterior limb of the internal capsule ROI (0 or 1); and whether the track passed through the thalamic 
ROI (0 or 1). The cost function used for this stage was:  
𝐶𝑜𝑠𝑡 = ∑(𝑡𝑖,𝑓 − 𝜇𝑓)
2 × 𝑤𝑓
𝑖,𝑓
 
Where wf indicates weight for feature f for the current cluster, and other parameters have 
identical meaning to those in the previous equation. Weights were based predominantly on expected 
anatomy, but fine-tuned during preliminary analyses on four-participant datasets. For the 
thalamocortical cluster, all weights had a value of 1. For the corticomotor cluster, the weight for the 
midbrain Y coordinate was 0.49, reflecting the elongated shape of this tract at the midbrain; and 
weights were 1.69 for the X, Y, and Z coordinates at the 50th node inferior to the midbrain, reflecting 
high spatial coherence at this position. Other weights for this cluster were 1. The thalamocortical 
cluster was initialised with the track closest to a point 5cm posterior to the centre of the brain. The 
corticomotor cluster was initialised with the track that was furthest from this posterior-central point 
at the midbrain ROI, with only those that passed through the medullary pyramids as eligible. The 
medullary pyramids in this context were defined as the anterior third of the brainstem ROI, or as the 
anterior third of all brainstem nodes if no tracks were found with the ROI criteria. Iteration and 
convergence criteria were identical to the previous stage. Clustering was attempted 20 times; results 
from the attempt with the lowest global cost were kept. 
With exception of the manually drawn 2D ROIs, the entire track identification process was 
entirely automated and ran in under 30 seconds per 20,000 track dataset on a standard desktop PC. 
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Voxel-Based Method 
The voxel-based approach was carried out on the same dataset as the surface approach. 
Voxel-Based fMRI 
Analysis. The voxel based fMRI was carried out with a standard pipeline using SPM 8. As motion 
scrubbing is not available in this package, frames that were excluded from the Surface-based analysis 
due to movement were replaced with interpolated frames for this analysis. As with the surface 
analysis, an 8mm smoothing kernel was used. Other parameters and contrast were identical to the 
surface fMRI analysis. The resulting t-value maps were resliced into dMRI space using the same 
transform used for the surface analysis, before being thresholded at p < 0.05 (FWE corrected) and 
binarised. 
Filtering. Filtering of significant clusters followed the same protocol as for the surface-based 
approach. For the voxel-based approach, activation maps were overlaid with structural (T1) images 
during this procedure to ensure correct filtering. 
Tractography 
Tractography was carried out on the same diffusion images used for the surface-based analysis. The 
same inclusion ROIs were used as the surface based method to identify a target of 20,000 tracks 
passing from the cortex to the brainstem via the midbrain. Filtered fMRI activation from the previous 
step was used to seed tractography bi-directionally, with the brainmask used as a stop mask. Other 
parameters were identical to the surface-based method. 
Tracks passing through the posterior limb of the internal capsule at any point were classed as 
corticomotor tracks; tracks passing through the thalamus and not the posterior limb of the internal 
capsule were classed as thalamocortical tracks. 
Tract Dispersion 
One argument made for our surface-based approach was to reduce the number of non-relevant tracts 
included in tractography. If only tracks from a single white-matter bundle are identified, these 
tracks should be directionally coherent. To quantify this, we calculated tract dispersion for each 
motor and sensory tract as the mean square error in stepping direction at 20 node-positions that are 
evenly spaced across each track (i.e nodes at 0%, 5.3% … 94.7%, 100% of track length). Error here 
was defined as the geodesic difference from the mean direction (at that point of the track) across all 
tracks in the collection. Conceptually, if tracks are pointed in similar directions at equivalent nodes 
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throughout their length, dispersion will be low. If tracks are commonly pointed in different 
directions at these equivalent positions, dispersion will be high. Mathematically: 
dispersion =
∑  20𝑛=1 ∑ (Geo(𝜃𝑛,𝑖 − ?̅?𝑛, 𝜙𝑛,𝑖 − ?̅?𝑛 ))
2
t
i
20t
 
where n is the node-position; t is the number of tracks in the collection; θn,i indicates inclination of 
direction at node-position n, track i; θn̄ indicates the mean inclination across all tracks at node-position 
n; φn,i indicates azimuth of direction at node-position n, track i; φ̄n indicates the mean inclination 
across all tracks at node-position n; and Geo is the function for calculating geodesic distance. Each 
spherical coordinate was calculated from the Euclidean coordinates, in standard space, of the node at 
node-position n, and the immediately following track node. 
Tract dispersion was calculated to compare not only the voxelwise and surface-based methods 
but also to determine whether the track clustering algorithm positively influenced the coherency of 
the surface-based tractography method. 
Diffusion Metrics and Clinical Assessments 
Diffusion metrics were calculated identically for the Surface and Voxel-Based approaches. FA and 
MD values were calculated with MRTrix 2.9 using CSD images. Each tract was split into superior 
(superior to the midbrain ROI) and inferior segments (inferior to the midbrain ROI), to provide 
measures for these locations separately. Asymmetry indices of sampled FA and MD measures were 
calculated the formula AI = (A-I)/(A+I), where A and I refer to the mean sampled values for the 
hemispheres opposite to the ‘able’ and ‘impaired’ hands, respectively. Asymmetry indices were 
adjusted for age and correlated with five clinical assessments. Correlations were conducted for all 
successfully processed datasets from the voxelwise method, all successfully processed datasets from 
the surface-based method, and all datasets successfully processed by both methods. Clinical 
assessments were carried out on the same day as scanning. These assessments were the Assessment 
of Motor and Process Skills motor component (AMPS-M),193 a observational assessment of the 
quality of performance of activities of daily living; the Melbourne Unilateral Upper Limb Assessment 
(MUUL)194, an objective measure of upper-extremity function; The Assisting Hand Assessment logit 
(AHA), an index of the impaired hand as an assisting hand in bimanual tasks; the Jebsen-Taylor Hand 
Function Test asymmetry indices (JHFT-AI), a test of uni-manual hand speed and dexterity, 
converted here into an asymmetry index; and The Canadian Occupational Performance Measure 
performance score (COPM-P), the participants self-reported satisfaction with their ability to carry out 
everyday tasks.  
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Results 
Participants, fMRI, and Movement 
Of the 37 children included in this investigation, four demonstrated clear head movement in time with 
hand tapping—a consequence of participants exerting substantial effort in order to achieve muscular 
contraction and/or an inability to dissociate hand from total body movement. Two additional children 
who were not noted as exhibiting excessive motion during scanning still demonstrated framewise 
displacement greater than 0.9mm in more than 20 frames. After exclusion of these participants, 31 
children remained. Across the remaining datasets, the mean and median numbers of rejected frames 
were 4.6 and 1, respectively. The rejected frame counts did not correlate significantly with any clinical 
score (all p>0.05 and R2<0.1). Scans revealed large bilateral pathology in three of the remaining 
participants (despite being clinically assessed as unilateral CP). These participants were still 
processed to determine the success of the investigated methods in the presence of such pathology, but 
were excluded from final correlation analyses as asymmetry indices would be a poor reflection of 
tissue integrity in these instances. 
Surface Method 
Automated tissue segmentation succeeded in 30 of 31 participants, including several with moderate 
or severe pathology and both participants with distinct bilateral injury (Figure 12D). Of these, minor 
manual editing to delineate dura from brain tissue was required in two instances. Tissue segmentation 
failed in one case where severe pathology was present (Figure 12A); cost-function marking or manual 
delineation of pathology may have allowed segmentation to succeed in this case but was not 
attempted. Generation of the surface mesh from segmentation succeeded in all instances. 
Segmentation and mesh generation time took ~75mins per participant on a desktop PC.  
Functional MRI analyses were completed successfully for the 30 remaining participants. 
Figure 13 shows an example of activation in the presumed sensorimotor cortex (S1M1) and anterior 
lobe of the cerebellum for a single participant during the ‘impaired’ hand task. Significant activation 
was seen in the region physically resembling the S1M1 for all of the 60 tasks across the 30 participants 
(Table 5). This was bilateral in seven instances (six during the able task). Significant activation was 
also seen in the supplementary motor area (16 participants), anterior lobe of the cerebellum (21 
participants), and superior parietal lobule (7 participants). Such activation was discarded prior to 
tractography. Small areas of significant activation that were considered to be motion artefacts or 
statistical anomalies also appeared in thresholded results for eight participants, and were similarly 
discarded. In no instance were motion artefacts severe enough to justify rejection of the participant. 
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Figure 12. Examples of pathology and impacts on analyses. Row A: The child for whom a surface 
could not be generated. Tissue segmentation failed as the allowed magnitude of warping was 
insufficient to match any atlas, leading to cerebrospinal fluid being classed as grey and white matter. 
Voxelwise analyses were successful. Rows B and C: Two participants for whom surface analyses 
were successful, but voxelwise analyses failed to detect significant fMRI activation. Row D: A child 
with severe pathology for whom both voxelwise and surface analyses detected fMRI activation. Both 
methods found no corticomotor or thalamocortical tracks in the hemisphere with pathology; no 
genuine connections of this type were probably present. 
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Figure 13. Typical significant fMRI activation detected through surface (top row) and voxelwise 
(middle and bottom rows) methods for tapping of the ‘impaired’ hand in a single participant. The 
middle and bottom rows show coronal, sagittal, and right-facing axial sections in the left, middle, 
and right columns respectively. Both methods show activation (red) in the approximate pre- and post-
central gyri of the left hemisphere, and the right anterior lobe of the cerebellum. The voxelwise 
analysis resulted in approximately oval shaped activations that include grey-matter, white-matter, 
and cerebrospinal fluid. The surface-based method resulted in less-uniformly shaped activation 
patterns and two activation sites on the cerebellum. 
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To alleviate concerns that tractography correlations could be the product of different degrees 
of fMRI activation, we calculated correlations between thresholded-fMRI activation area in the 
presumed S1M1 and clinical scores. Data from all 30 remaining participants were used. No 
informative correlations between clinical scores and impaired-hemisphere activation area, or 
activation-area asymmetry, were found (all R2≤0.15). 
Voxel-Based Approach 
Voxel-wise fMRI was completed acceptably in 30 of 31 participants: one participant-dataset was 
rejected due to the presence of severe motion artefacts. Significant activation was seen in the region 
physically resembling the S1M1 for 51 of the 60 tasks across the remaining participants (Table 2). 
This was bilateral in four instances (two during the able task). Compared with the surface method, 
clusters of significant activation were seen less frequently in the supplementary motor area, 
cerebellum, and superior parietal lobule (Table 5), but, visually, appeared to more frequently span 
Surface Method (n=30) 
 S1M1 
Unilateral        Bilateral 
SMA Ant. Cerebellum SPL None 
Able Hand Task 24 6 14 19 4 0 
Impaired Hand Task 29 1 10 10 3 0 
Either 30 7 16 21 7 0 
       
Voxel Based Method (n=30) 
 S1M1 
Unilateral        Bilateral 
SMA Ant. Cerebellum SPL None 
Able Hand Task 24 2 10 14 3 0 
Impaired Hand Task 23 2 8 6 2 6 
Either 29 3 14 16 4 6 
Table 5. Counts of Participants Displaying Significant Activation. Significant activation was 
defined as values of p<0.05 FWE in three or more connected vertices (Surface method), or one 
or more voxels after reslicing to diffusion space (Voxel-Based method), for five motor regions. 
‘Either’ refers to the number of participants in which the specified activation pattern was seen 
for either task performed. None indicates that no significant activation was seen in any of these 
regions in either task. Abbreviations: Ant. Cerebellum, anterior lobe of the cerebellum; S1M1, 
sensorimotor cortex, comprising of the precentral and post central gyri; SMA, supplementary 
motor area; SPL, superior parietal lobule. 
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multiple functional areas (e.g. both S1M1 and the supplementary motor cortex; data not shown). 
Thalamic activation was seen in two participants. Six participants displayed no significant activation 
during the impaired hand task (Figure 12). As our metrics were based on a ratio between hemispheres, 
nine participants who displayed significant S1M1 activation in only one hemisphere (across their two 
tasks) were excluded from further analysis. 
No informative correlation was found between clinical scores and impaired-hemisphere S1M1 
activation-volume, or activation-volume asymmetry (all R2≤0.10; n = 30). Results were similar when 
this analysis excluded the nine participants displaying unilateral-activation, with exception of 
activation volume asymmetry, which correlated weakly with JHFT-AI (R2 = 0.24).  
Tractography 
For the surface method, no or very-few tracks were found on the side of the brain with pathology in 
three participants (Figure 12D). Based on inspection of structural MRIs, it was highly plausible that 
these participants were ipsilaterally-organised for one or both of these tracts. These participants were 
excluded from further analysis. Tractography and clustering in the remaining 27 participants was 
successful (visually assessed; Figure 11). It is noteworthy that clustering provided sensible results for 
one participant with pathology to the midbrain, and in one excluded participant who lacked 
thalamocortical tracks in the hemiplegic hemisphere (data not shown). 
For the voxel-based approach, one participant was excluded from analysis as tractography 
was unable to find sufficient tracks on the side of the brain with pathology. This participant was likely 
to be ipsilaterally organised (Figure 12D). Tractography was successful in the remaining 20 
participants. 
Tract dispersion was calculated for each tract in the 18 participants for whom tractography 
was successful using both methods. Tracts generated by the voxel-based approach had significantly 
poorer (i.e. wider) dispersion than those generated by the surface-based method for the ipsilesional 
thalamocortical, contralesional thalamocortical, ipsilesional corticomotor, and contralesional 
corticomotor tracts (all p<0.01; Wilcoxon signed-rank test with Holm-Bonferroni Correction for 
multiple comparisons). 
To calculate the influence of track clustering on tractography results, the surface method was 
re-run using midbrain ROIs to classify tracks. In this sub-analysis, no ipsilesional thalamocortical 
tracks were able to be identified for 5 of the 27 datasets. This ROI approach provided significantly 
poorer dispersion for the ipsilesional thalamocortical (p<0.01), contralesional thalamocortical 
(p<0.01), and contralesional corticomotor (p<0.05) tracts (Wilcoxon signed-rank test with Holm-
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Bonferroni Correction for multiple comparisons). Despite this poorer performance, all four types of 
tract generated by the surface + ROI method were still significantly more coherent than those 
generated by the voxelwise method in identical participants (all p<0.01; Wilcoxon signed-rank test 
with Holm-Bonferroni Correction for multiple comparisons). 
Diffusion Metrics 
Surface Method 
After exclusion of the three participants with large bilateral injuries, 24 participant-datasets were 
available for correlations between age-adjusted diffusion metrics and clinical scores. For the upper 
corticomotor tract, both MD asymmetry and FA asymmetry correlated significantly (p<0.05) with all 
five clinical scores investigated (Table 6). For the upper thalamocortical tract, MD asymmetry 
correlated significantly (p<0.05) with all five clinical scores investigated, but FA asymmetry was not 
predictive of clinical scores. FA asymmetry of the lower corticomotor tract correlated significantly 
with AMPS-M (R2 = 0.44) and JHFT-AI (0.33), and approached significance correlating weakly with 
AHA logit (R2 = 0.24, p = 0.06), but not with other clinical scores. Clinical scores did not correlate 
 Superior Thalamocortical Superior Corticomotor 
 FA MD FA MD 
Surface Method (n=24) 
AMPS-M ns 0.33 0.43 0.26 
JHFT-AI ns 0.48 0.37 0.55 
COPM-P 0.23† 0.33 0.28 0.26 
AHA ns 0.41 0.34 0.42 
MUUL ns 0.47 0.34 0.46 
Voxelwise Method (n=18) 
AMPS-M ns ns ns ns 
JHFT-AI ns ns 0.44 ns 
COPM-P ns ns ns ns 
AHA ns ns 0.27† ns 
MUUL ns ns ns ns 
Table 6. Correlations (R2) between clinical scores and age-adjusted diffusion metrics recorded via 
tractography for two tracts superior to the midbrain ROIs. Correlation analyses included all 
participant-datasets possible. ‘ns’ indicates that correlations were not statistically significant 
(p≥0.05). † indicates values that were not significant but for which p<0.1. Abbreviations: AHA, The 
Assisting Hand Assessment logit; AMPS-M, Assessment of Motor and Process Skills motor 
component; COPM-P, The Canadian Occupational Performance Measure performance score; FA, 
fractional anisotropy; MD, mean diffusivity; MUUL, the Melbourne Unilateral Upper Limb 
Assessment; JHFT-AI the Jebsen-Taylor Hand Function Test asymmetry index. 
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with FA asymmetry of the upper or lower thalamocortical tract, nor MD asymmetry of either lower 
tract.  
Voxelwise Method 
After exclusion of the participants with large bilateral injuries, 18 participant-datasets were available 
for correlation between age-adjusted diffusion metrics and clinical scores (Table 6). Significant 
correlations were only found between JHFT-AI and FA asymmetry, in the upper (R2 = 0.44; p = 0.01) 
and lower (0.35; 0.04) corticomotor tracts. All other correlations were not significant, although 
correlations between upper corticomotor FA asymmetry and AHA (R2 = 0.27; p = 0.07), and lower 
thalamocortical FA and JHFT-AI (0.28; 0.09) approached significance. 
Analysis with Identical Participants 
To determine whether differences between the surface and voxelwise methods were simply due to a 
difference in participants or participant numbers, correlation analyses were repeated with only the 16 
participants with unilateral lesions who were able to be analysed by both methods. Fourteen of these 
participants had periventricular white matter injury. In this sub-analysis, for the surface method, all 
correlations between clinical scores diffusion metrics in the upper tracts strengthened considerably 
(Table 7), as did the correlation between lower corticomotor FA and JHFT-AI (R2 = 0.39), but the 
correlation between lower corticomotor FA and AMPS-M weakened (R2 = 0.31; p = 0.08). Other 
lower-tract correlations remained non-significant. For the voxelwise analysis, correlations remained 
for upper corticomotor FA asymmetry with JHFT-AI (R2 = 0.49; p = 0.01) and AHA remained (0.38; 
0.05), and JHFT-AI and FA of the inferior corticomotor tract reached significance (0.46; 0.02), but 
all other correlations remained non-significant (Table 7). In this 16-participant group, the number of 
fMRI frames rejected due to motion was not significantly correlated with any clinical score. 
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 Superior Thalamocortical Superior Corticomotor 
 FA MD FA MD 
Surface Method 
AMPS-M 0.31† 0.50 0.73 0.50 
JHFT-AI ns 0.58 0.49 0.71 
COPM-P 0.30† 0.52 0.37 0.54 
AHA ns 0.54 0.48 0.62 
MUUL ns 0.61 0.43 0.64 
Voxelwise Method 
AMPS-M ns ns ns ns 
JHFT-AI ns ns 0.49 ns 
COPM-P ns ns ns ns 
AHA ns ns 0.38 ns 
MUUL ns ns ns ns 
Table 7. Correlations (R2) between clinical scores and age-adjusted diffusion metrics recorded 
via tractography for two tracts superior to the midbrain ROIs. Correlation analyses used the 
16 participant-datasets available to both methods. ‘ns’ indicates that correlations were not 
statistically significant (p≥0.05). † indicates values that were not significant but for which 
p<0.1. Abbreviations: AHA, The Assisting Hand Assessment logit; AMPS-M, Assessment of 
Motor and Process Skills motor component; COPM-P, The Canadian Occupational 
Performance Measure performance score; FA, fractional anisotropy; MD, mean diffusivity; 
MUUL, the Melbourne Unilateral Upper Limb Assessment; JHFT-AI the Jebsen-Taylor Hand 
Function Test asymmetry index. 
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Discussion 
In this study, a novel data-processing pipeline was demonstrated that allows diffusion metrics to be 
obtained from participants with moderate to severe brain pathology in functionally-relevant regions 
of the thalamocortical and corticomotor tracts. This pipeline utilised a surface-based fMRI analysis 
to replace often-problematic parcellation, and minimized cross-sulcal smoothing present in standard 
fMRI analyses. This mesh was then used to both seed and anatomically constrain tractography that 
was subsequently dissected into tracts using a clustering algorithm. When applied to children with 
unilateral cerebral palsy, plausible correlations between diffusion metrics and functional ability were 
demonstrated, particularly for the superior aspect of the tracts. 
Method Comparison 
The surface method was able to successfully process substantially more datasets (27) than the 
voxelwise method (20). This was primarily due to an apparently heightened sensitivity to fMRI 
activation (Table 5), reflected here by more-frequent detection of activation in supplementary areas, 
and in S1M1. Similar findings of heightened sensitivity have been reported in other comparisons of 
surface- and voxel-based analyses.149,195 
The surface method was also able to consistently find correlations between symptom severity 
and diffusion metrics in the superior aspect of the both corticomotor and thalamocortical tracts, but 
equivalent correlations using the voxelwise method were mostly absent. This was not due to 
participant numbers or different groups of participants as no obvious bias in dataset rejection in terms 
of age or ability was identified (Table 4), and reanalysis of these data using matched datasets 
strengthened correlations for the surface-based approach substantially more than those of the 
voxelwise approach (Table 7). One potential source of this difference may have been spatial 
sensitivity: areas of significant activation appeared qualitatively to be better restricted to within the 
S1M1 in the surface-based approach than rather than the voxel-based approach. This factor was not 
able to be quantified here, as this would require atlas-based parcellation, but better spatial specificity 
for surface or surface-like methods have been reported in several other studies.149,182,196,197 Tracts 
elucidated using the surface method were also significantly more coherent, indicating that they each 
better represent a single population of fibres, than those generated via the voxelwise method. This 
was likely not only due to the tractography seeding, but also due to the clustering method, which 
resulted in superior track dispersion compared to ROI-based filtering. The surface-based tractography 
may have also played a role by preventing tracks from crossing sulcal boundaries in locations where 
the FA cut-off was undermined by partial volumes of grey and white matter (Figure 11). 
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It may be argued that the primary issue with the voxelwise analysis is the use of 2D, rather 
than 3D, midbrain ROIs. It is certainly possible that these results may have improved with 3D ROIs, 
but in any dataset where pathology prevents parcellation, these 3D ROIs must be manually delineated, 
which is very time consuming and difficult to perform accurately, even with super-resolution track 
density images. Even with 3D ROIs, the best method to classify tracks is not obvious, as the majority 
of thalamocortical tracks will also pass through voxels containing the posterior limb of the internal 
capsule at some point. Better voxelwise tractography may have resulted from a smaller fMRI blurring 
kernel, but the sensitivity of the fMRI analysis will likely have also suffered, resulting in rejection of 
even more participants than was seen here. Higher statistical thresholds are an alternative approach 
to constraining fMRI but, again, reduce the sensitivity of the fMRI analysis and may result in 
additional participant rejection. Tailoring statistical thresholds to each individual are a related 
approach but raises issues of data equivalency when data is pooled. For example, if one participant 
must have a threshold set at p<0.05 FWE, but another must have it as low as p<0.005 FWE, is the 
resultant tractography functionally equivalent? Surface based methods, however, provide equal-or-
better statistical power than voxel-based smoothing,149 without such issues. For this reason we believe 
that surface smoothing is more appropriate for group-wise studies. 
Clinical Findings 
In this study, significant correlations were found between five clinical scores of motor ability (AMPS-
M, JHFT-AI, COPM-P, AHA and MUUL) and MD of the superior (i.e. cortical) section of both the 
thalamocortical and corticomotor tracts (Table 7). These scores also correlated with FA of the upper 
corticomotor tract, but not of the upper thalamocortical tract. Previous studies of unilateral cerebral 
palsy in non-overlapping subject cohorts have reported moderate correlations between FA of these 
tract sections and AHA,58 as well as between corticothalamic tract streamline-count asymmetry and 
JHFT, MUUL, and AHA.51 Our findings here contrast with the latter of these studies, which 
concluded that damage to the sensory tracts may hold more importance to clinical outcomes than 
damage to the motor tracts. Rather than contradicting the hypothesis that thalamocortical tracts are 
‘more influential’ for function than motor tracts, this discrepancy more likely highlights that this 
condition is highly heterogeneous, and complex. I.e. the relative influences of lesions depend on 
additional factors such as the lesion’s type, specific location, and timing. The results presented from 
the two methods used here also highlight how different quantification methods can have distinctly 
different patterns of sensitivity. It is worthy of note that our analysed data came overwhelmingly from 
participants with unilateral periventricular white-matter injury (Table 4), and so results may not be 
generalizable to other forms of CP. 
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There were very limited correlations found between functional clinical scores and diffusion 
metrics of the inferior section of the tracts investigated. This is an interesting result, considering the 
strong correlations found for the superior aspects of the tracts. In one respect, this is not unexpected 
as all participants in this study had either diffuse axonal injury, or injuries predominantly at or 
superior to the level of the midbrain. If taken at face value, this would indicate that upper-tract 
damage, long term, is not strongly reflected further along those tracts, as may be expected from 
Wallerian degeneration or constrained neurological development. An alternative explanation is that 
the tensor diffusion metrics used here are not sufficiently sensitive to measure such differences, 
especially when measuring voxels that include ‘unimpaired’ fibre populations. Some evidence for 
this hypothesis was identified using apparent fibre density79 as a metric, but due to uncertainties 
regarding the effects of intensity normalisation, we did not formally include this metric in this 
analysis. More advanced measures, such as ‘SIFT’ed track counts198 are one way that this could be 
resolved, but these currently rely on full-brain tractography and require midbrain parcellation, which 
is not currently possible to automate in participants with the levels of pathology seen here. A final 
possibility is that these structures are impaired more bilaterally than more superior aspects of the 
tracts, limiting the sensitivity of asymmetry measures. One earlier study of unilateral cerebral palsy 
has provided some evidence for this hypothesis, finding that periventricular WM lesions are often 
associated with bilateral cortical or deep grey-matter lesions.63 
Strengths and Limitations 
One potential criticism of fMRI-dMRI methods, including these, is that acceptable quality functional 
scans are required for each participant, which can be difficult to achieve, and so such methods offer 
little-to-no advantage over the traditional parcellation-based approach. In our experience, acquiring 
most types of MRI in children with simultaneous learning and physical impairments can be a 
challenge as such disabilities can impair their ability to remember and follow instructions. In this 
study, four of the six excluded participants were excluded due to unconsciously nodding while 
tapping, a consequence of participants exerting excessive effort to achieve meaningful isolated 
muscular contraction. The issue of movement was thus primarily an instructional one that may be 
preventable in future studies by allowing extra practice time before scan sessions, or more dedicated 
preparation procedures.199 These rates of data rejection are still lower than our earlier attempts to 
parcellate brains using Freesurfer, where we were unable to successfully process ~30% of participants 
with only mild to moderate pathology. Another option is manual parcellation, but this is costly in 
terms of time, may introduce biases or errors. These issues aside, the primary advantages to fMRI-
based seeding are that they enable investigation into participants with obvious pathology, who would 
otherwise be continually excluded from analyses. Functional MRI based seeding also theoretically 
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provides higher specificity in tract identification than parcellation-based approaches. This is not only 
because fMRI tasks can be designed to provide specific subregions (e.g. the hand knob), but also 
because there is little certainty that regions defined by parcellation accurately identify only the desired 
functional areas when used in brains that have undergone atypical development or reorganisation. A 
final option is to use hand-drawn ROIs of the brainstem and midbrain, and track toward the cortex 
without use of any cortical ROIs. For identification of the entire corticomotor tract this is the obvious 
solution, though a degree of stray-track pruning may be required if tract metrics wish to be measured. 
There are numerous situations in which this is not sufficient however, such as studies looking at the 
relationship between upper limb abilities and diffusion metrics, or attempts to measure rehabilitation-
evoked plasticity. In such studies, it is critical to identify the location specific to the upper-limb (or 
other body part) in question. Failure to do so can undermine sensitivity and biological interpretability 
of any resultant metrics. 
A related criticism is that task fMRI results can be variable,181 and so could lead to differences 
in tractography that do not exist anatomically. We concede that single-participant activation maps 
based on a single time point are prone to such variability. Head motion can often correlate with 
participant ability,200 but was controlled for to the best of our ability in the present study. Task 
performance may also affect fMRI activation maps,181 but we aimed to minimise any such effects by 
utilising a very simple task and ensuring adequate task performance for each participant. Activation 
volume and area did not correlate meaningfully with clinical scores, so are unlikely to have biased 
diffusion results. Even with such controls, all fMRI-based seeding methods, particularly when applied 
to participant data that cannot be pooled, are at risk of fMRI variability leading to spurious 
correlations. This must be weighed up against the opportunity fMRI provides to perform tractography 
in datasets that otherwise would be discarded from atlas-based analyses. Regarding our method 
comparison, however, we consider it unlikely that the surface-based method outperforming the other 
in almost all aspects was simply a product of biased seeding. This is because these methods utilised 
identical raw data, and so we should expect task-difficulty differences or other sources of variation 
to equally influence both methods investigated. I.e., it is unclear how sources of fMRI variability 
could artificially generate correlations between diffusion and clinical-test metrics for only one of 
these methods. 
Finally, brain pathology can be accompanied by haemodynamic abnormalities. Quantifying 
these is potentially critical for a study with a difficult task, when differences in fMRI patterns intend 
on being directly interpreted. It is also important for event-related designs where changes between 
action/rest blocks are frequent. The present study, however, involved a very simple task with very 
long blocks. This design minimises the influence of abnormal haemodynamic response curves, and 
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was only used to identify the ‘hand’ region of the S1M1. Again, as the activation area and volume 
did not correlate with any clinical test recorded, this design likely fulfilled its purpose, without 
introducing confounds that could lead to type-I errors. 
Conclusions 
Investigating diffusion characteristics of people with moderate brain pathology is difficult or 
impossible to perform with standard parcellation-based approaches, and has led to fMRI-seeding of 
dMRI data. In this work, a novel highly-automated fMRI-dMRI fusion pipeline that identified distinct 
correlations between functional clinical scores and dMRI metrics of sensorimotor tracts in children 
with unilateral cerebral palsy was presented. These relationships were substantially stronger when 
delineated with this approach than when delineated with a standard voxelwise fMRI-seeding 
approach, and were minimally apparent in the inferior aspect of these tracts, where pathology was 
absent. The approach demonstrated here may prove valuable to studies of brain pathology, especially 
where sensitive analyses are required, such as the measurement of neuroplastic changes induced by 
intervention. The presented method may also ultimately prove useful for presurgical planning—for 
example, planning of neurosurgery aiming to treat intractable epilepsy in children with pre-existing 
brain injuries. 
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Supporting Information 
 
Supplementary Figure 1. Illustration of functional MRI motion artefact and/or supplementary-
activation rejection. Four participants (one per column) with motion artefacts are shown. The third 
column additionally displays activation of the supplementary motor area. Selected activation is 
shown in red, according to the criteria set out in Methods. Rejected activation is shown in blue. Note 
how only unambiguous activation within the major cluster of activation is selected in each instance. 
For surfaces in the top row, the front left of each image represents the anterior left of that participant. 
For surfaces in the second row within the first and second columns, a view from behind the 
participants are used: left of the image is left of the participant; top of the image is superior. The 
‘sagittal’ view in the second row, third column, shows the left side of the brain; the left of the image 
is anterior. The bottom right image shows a view of the underside of the brain; the top of the image 
is anterior; the left of the image is the patient’s right. 
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Chapter 5  
Brain changes following four weeks of 
unimanual motor training: evidence from 
behaviour, neural stimulation, cortical 
thickness and functional MRI 
This chapter consists of the paper Brain changes following four weeks of unimanual motor training: 
evidence from behaviour, neural stimulation, cortical thickness and functional MRI. This and the 
following chapter form a pair of papers which are both available on the preprint server bioRxiv and 
have been submitted to the journal Human Brain Mapping (Chapter 5, under review; Chapter 6, 
accepted). Together, these papers describe a wide-scale multimodal analysis of motor learning in 
healthy adults. The measures focussed on in the present chapter are transcranial magnetic 
stimulation (TMS), fMRI, cortical thickness, and behavioural changes. The following chapter 
reports changes in behaviour and diffusion metrics, including diffusion changes in the corticospinal 
tract elucidated using the methodology described in Chapter 4. 
These two chapters, together, address the third aim of this thesis: to combine the 
aforementioned principles and methods in order to measure a variety of brain changes in healthy 
adults learning a novel motor task, then to interpret such information together in a way that may 
improve our understanding of neuroplasticity at a biological level. These works are a critical step 
toward analysis of similar measures in a rehabilitative context for three reasons. 
First, Chapter 4 revealed correlations between diffusion measures of corticomotor tract and 
motor function in children with UCP. This indicates that this is a sensible location to search for 
neuroplastic change in response to motor rehabilitation. However, no direct evidence exists that the 
microstructure of this white matter tract responds to motor training. Arguably the most sensible next 
step is to demonstrate that motor training can induce neuroplasticity in this region. By initially using 
healthy adults, rather than children with CP, for this purpose, we can expect an improved signal-to-
noise ratio and interpretability, as such a cohort are more likely to achieve meaningful behavioural 
improvements and are free of potential confounders such as ongoing brain development (maturity). 
An inability to induce changes here in a healthy cohort would likely scuttle the idea of measuring 
such a change in brain-injured populations. 
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Second, although the analysis method described in Chapter 4 demonstrated superior results to 
the present state-of-the-art fMRI driven method, whether this method is sufficiently sensitive for the 
measurement of neuroplasticity has yet to be demonstrated. As with the previous point, there are 
several advantages associated with first assessing this in healthy adults, rather than children with CP. 
Thirdly, as discussed in both Chapter 2 and Chapter 3, adequate interpretation of imaging data 
requires that a range of modalities are collected, or at least that the relationships between structural 
and functional change are well known. Presently, there is a paucity of longitudinal studies that have 
collected multimodal information, and so neuroplasticity associated with motor learning is poorly 
understood. Although one may consider jumping straight into collecting such information in a 
neurorehabilitative context, collecting this in healthy cohorts undergoing motor training allows 
inclusion of valid functional data which may greatly improve biological insight. As previously 
discussed, in people with brain injury, fMRI changes are difficult to interpret, and there are ethical 
considerations toward the use of TMS. The work here, then, is important in not only demonstrating 
how a multimodal neuroplasticity study can be conducted, but also in providing a foundation of 
understanding into the patterns of brain change that are associated with motor learning. 
Dr Martin Sale and I were joint-first authors on this publication. Dr Sale predominantly 
planned the study and collected the raw data. I analysed fMRI, cortical thickness, and behavioural 
data, and played a minor role in the statistical analysis of TMS data. The interpretation of results, 
writing of the manuscript, and data visualisation were predominantly done by myself. Dr. Luca 
Cocchi, Alex Pagnozzi, and Prof. Stephen Rose all contributed academic input regarding final data 
analysis. All authors reviewed the manuscript.
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Abstract 
Although different aspects of neuroplasticity can be quantified with behavioural probes, brain 
stimulation, and brain imaging assessments, no study to date has combined all these approaches into 
one comprehensive assessment of brain plasticity. Here, 24 healthy right-handed participants 
practised a sequence of finger-thumb opposition movements for 10 minutes each day with their left 
hand. After four weeks, performance for the practised sequence improved significantly (p < 0.05 
FWE) relative to a matched control sequence, with both the left (mean increase: 53.0% practised, 
6.5% control) and right (21.0%; 15.8%) hands. Training also induced significant (cluster p-FWE < 
0.001) reductions in functional MRI activation for execution of the learned sequence, relative to the 
control sequence. These changes were observed as clusters in the premotor and supplementary 
motor cortices (right hemisphere, 301 voxel cluster; left hemisphere 700 voxel cluster), as well as 
sensorimotor cortices and superior parietal lobules (right hemisphere 864 voxel cluster; left 
hemisphere, 1947 voxel cluster). Transcranial magnetic stimulation over the right (‘trained’) 
primary motor cortex yielded a 58.6% mean increase in a measure of motor evoked potential 
amplitude, as recorded at the left abductor pollicis brevis muscle. Cortical thickness analyses based 
on structural MRI suggested changes in the right precentral gyrus, right post central gyrus, right 
dorsolateral prefrontal cortex and potentially the right supplementary motor area. Such findings are 
consistent with LTP-like neuroplastic changes in areas that were already responsible for finger 
sequence execution, rather than improved recruitment of previously non-utilised tissue. 
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Introduction 
The brain is capable of remarkable structural and functional change to allow it to optimise 
performance. Such changes, collectively referred to as plasticity, are key to understanding a variety 
of real-life phenomena, such as the learning of new skills,201 the storing of memories, 202 and 
recovering neurological function after brain injury.203 
By definition, plasticity results in functional and/or structural change.132 At the microscopic 
level, plasticity in the central nervous system can manifest in several different ways. Sprouting of 
new connections, unmasking of hidden or inhibited synaptic connections, and withdrawal of 
inhibition are some examples of these changes.204–206 Another form of plasticity is referred to as long-
term potentiation (LTP), which reflects an increase in synaptic efficacy.207,208 Behaviourally, 
neuroplastic changes typically manifest as altered task performance, such as improved speed of 
movement. Measuring performance of learned tasks before and after training provides a means of 
assessing the functional impact of training. Although such an approach can allow for an investigation 
of the effects of various factors on plasticity (e.g. aging, attention, hormones), a purely behavioural 
approach is unable to shed light on the location and type of brain changes that occur after training. In 
order to probe the biological changes subserving plasticity, brain stimulation and brain imaging 
techniques are required, each with their own relative advantages and disadvantages.181 
In the area of motor-skill learning, almost all studies investigating neuroplasticity have, so far, 
relied on animal models, cross-sectional data, or functional measures of brain change.209 In rodents, 
motor learning appears to upregulate synaptic plasticity in the primary of motor cortex,210 and may 
also be associated with altered neural recruitment in this area.211 In humans, early work using 
structural magnetic resonance imaging (MRI) suggested that differences in morphology of the 
primary motor cortex may exist between expert musicians and the general population.212 Since then, 
functional MRI (fMRI) studies have reported altered activity in motor planning in professional sports 
people,213 and transcranial magnetic stimulation (TMS) studies have similarly reported that skilled 
racquet players have a larger cortical representation of the hand than the general population.214 
Functional MRI work has also suggested that the supplementary motor area, dorsolateral prefrontal 
cortex (dlPFC), and caudate nuclei may play integrated roles in error correction and learning of motor 
sequences.215,216 
Longitudinal studies are particularly useful for studying neuroplasticity as they eliminate the 
possibility that neural differences are the cause, rather than result, of participants deciding to learn a 
skill. Several reports exist of changes in brain function in response to motor training,E.g. ,209,217 
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including in the pre- and post-central gyri, dlPFC and basal ganglia.218 Many extensive reviews of 
such work are available, including Chang et al,209 Dayan and Cohen,219 Doyon,220 and others. In brief, 
trained tasks in such studies have been somewhat heterogeneous, and both increases221 and relative 
decreases in fMRI activation have been reported, often within the same study.169,218,222 The direction 
of change appears to depend on the duration of training,169,218,219 potentially due to increases in 
baseline cerebral blood flow,169 though what constitutes ‘short-term’ or ‘long-term’ training appears 
to be task dependent.219 A small number of reports have also detailed minute structural changes in 
grey matter in response to visuo-motor tasks, particularly in the sensorimotor cortex,223 visual cortex, 
and superior parietal lobule,52,80 all areas associated with visuo-motor skills.  
So far, research in this area has predominantly relied on single data collection modalities, such 
as TMS, or fMRI. Unfortunately, the differences in study design, contrasts, time-period, and imaging 
modalities of these studies can make it difficult to achieve a deeper understanding of the critical 
experimental parameters that yield reliable brain changes, whether such changes are typically 
concurrent or independent, and so on. In addition, each modality has its own limitations regarding 
reliability or interpretability, which can hamper insight into biological processes when only a single 
modality is acquired. For example, due to its indirect method of measuring brain activity, it is difficult 
to unambiguously interpret changes in fMRI in terms of biology without independent concurrent 
information, particularly given that controlling for task equivalency across scans can be difficult to 
achieve.181 Collecting multiple modalities can also alleviate concerns that results in one modality 
simply reflect statistical anomalies, rather than subtle brain changes. For these reasons, the 
longitudinal study of motor learning presented here concurrently acquired data on four different 
measures of neuroplasticity – behaviour, TMS, fMRI, and cortical thickness. Findings from a fifth 
measure, diffusion MRI, appear in a second study.224 Each of these modalities helps to build a global 
picture of the changes that occur with motor training, by reporting on a slightly different aspect of the 
neuroplastic response.  
TMS can evoke a clearly discernible and quantifiable motor response when motor cortical 
neurons are stimulated at sufficient intensity.225 This TMS-evoked response, referred to as a motor 
evoked potential (MEP), reflects the excitability of underlying cortical neurons. Measuring the 
amplitude of the MEP before and after a training paradigm provides objective measurement of 
changes attributed to cortical motor plasticity.48 This is different from other, non-motor regions, 
where brain stimulation-evoked responses are more difficult to quantify (e.g., prefrontal brain 
regions), yet which also undergo changes via the same, ubiquitous, mechanisms. Although TMS is 
ideally suited to quantify training-related change arising in the motor cortex, there are several 
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limitations to the technique. In particular, TMS can only penetrate superficial grey matter 
structures,226 and can only probe the activity of one area of cortex at a time. Therefore, TMS is unable 
to provide information on whole-brain changes arising from training. 
Whole-brain assessment of plastic change arising with training can be investigated with both 
functional and structural MRI. Functional MRI of local blood oxygenation level-dependent (BOLD) 
signals provides information about changes in brain activity during tasks with high sensitivity and 
excellent spatial resolution. However, fMRI cannot readily distinguish whether any measured 
changes following training reflect excitatory or inhibitory activity,102 something that TMS can do. 
Changes in BOLD signals are also more straightforward to interpret, in terms of biological change, 
when in the context of information from other modalities, such as TMS.181 By contrast, if conducted 
carefully, structural MRI can measure changes in cortical thickness that are more directly 
interpretable in terms of biology but, without accompanying functional measures, are difficult to link 
to any changes in brain activity. 
With these points in mind, the aim of the present study was to use a multi-modal approach to 
investigate plasticity in the human cortex. We measured behaviour, TMS evoked MEPs, BOLD 
changes using fMRI, and cortical thickness, before and after four-weeks of motor training. To make 
interpretation of the results more straightforward, we opted for training that did not have any visual 
component. Our TMS analyses were conducted on the trained hemisphere and tested for increased 
MEP amplitude which could reflect altered connectivity induced by an LTP-like process underlying 
motor learning. For our fMRI analysis, we tested for both task-induced increases and decreases in 
activation within sensorimotor cortices, supplementary motor areas, and superior parietal lobes. 
These phenomena may reflect altered processing in the ‘trained’ hemisphere, and potentially an 
altered balance of interhemispheric inhibition. Although fMRI changes in higher areas, such as the 
dorsolateral prefrontal cortex, were possible, we did not test for these explicitly. Finally, we tested 
for increased cortical thickness in motor areas of the trained hemisphere, given reports of subtle 
changes in visuomotor areas associated with visuomotor learning.52,80,223 In combination with our 
parallel analysis of white matter and network changes,224 this work provides a comprehensive 
assessment of the functional and structural brain changes associated with motor learning in humans. 
Materials and Methods 
Overview 
Twenty-four participants were recruited (14 female; aged 28.8 ± 1.5 years; range 18 – 40 years). 
Participants were all right-handed (laterality quotient 0.92 ± 0.03; range 0.58 – 1.0) as assessed by 
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the Edinburgh Handedness questionnaire. Participants trained daily on a finger-thumb opposition 
task221 for four weeks. Behavioural, MRI, and TMS measures were obtained before and immediately 
after the training period to quantify training-related changes. Participants were instructed to refrain 
from the consumption of known neuroactive substances (including caffeine and alcohol) before and 
during the training and quantification sessions. No participants reported any adverse effects. The 
study was approved by the University of Queensland Human Research Ethics Committee and all 
participants gave written informed consent. 
Motor training task 
The training task has been used in a previous independent study, in which it was reported to induce 
robust behavioural and functional changes.221 The task involved participants performing a sequence 
of finger-thumb opposition movements with their non-dominant (left) hand (Figure 14). Participants 
were pseudo-randomly assigned one of two sequences that were mirror-reverse copies of each other. 
Participants were instructed to perform their assigned sequence as quickly and as accurately as 
 
Figure 14. Participants were randomised to practising one of two finger-to-thumb opposition 
sequences. For the ‘Blue’ sequence (left), the order of fingers required to make contact with the thumb 
were little, index, ring, middle. For the ‘Red’ sequence (right) the order was little, middle, ring, 
index. These sequences were mirror images of one another.  
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possible for 10 minutes each day for 4 weeks, and not to look at their hand during training. To help 
remember the correct sequence, participants were given a printed copy of their allotted sequence (red 
or blue; see Figure 14). In order to minimize any circadian effects on motor learning,227 each 
participant was randomised to practising either during the morning or evening, and conducted training 
at the same time each day. Participants kept a log-book to record their training, and were instructed 
to be honest when training sessions were missed, or were performed outside of the specified training 
time. 
Behavioural measure 
Participants’ performance on the finger-thumb opposition tasks was assessed as the number of correct 
sequences completed in 30 sec. Performance was documented online with a hand-held video camera, 
and quantified off-line. Participants performed both red and blue (Figure 14) sequences with both 
their left and their right hands. This was to investigate whether training induced any spill-over of 
effects to a non-trained sequence and/or the contralateral hemisphere. The order of the sequences 
performed was randomised for each participant. To minimize errors, and to assist in performance, a 
print-out of the sequence to be performed was placed in front of the participant for the duration of 
that task. Further, prior to the quantification of baseline performance of the sequences (before 
training), participants were given a brief period of time (~ 5-10 sequences) to practice the two 
sequences. 
Performance on the finger-thumb opposition sequences was analysed using a three-way 
repeated measures ANOVA with within-participant factors of training (Baseline, Post), hand (Left, 
Right), and sequence (Trained, Control). Where appropriate, post hoc analyses were performed using 
Holm-Bonferroni corrected paired t-tests. 
Functional MRI  
Functional MRI images were acquired in the same session as structural MRI images. We acquired 41 
axial slices (slice thickness, 3.3 mm) using a gradient EPI sequence (TR 2.67 sec; TE, 28 ms; flip 
angle, 90°; field of view, 210 x 210 mm; voxel size, 3.3 x 3.3 x 3.3 mm). A liquid crystal display 
projector back-projected the stimuli onto a screen positioned at the head-end of the scanner bore. 
Participants lay supine within the bore of the magnet and viewed the stimuli via a mirror that reflected 
the images displayed on the screen. Participant head movement was minimized by packing foam 
padding around the head. 
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Prior to entering the scanner, participants familiarised themselves with the two movement 
sequences – ‘trained’ and ‘control’ – they were going to perform within the scanner. The sequences 
are shown in Figure 14. Within the scanner, participants performed these finger-thumb opposition 
movements with their left hand in blocks of 16 seconds, each followed by 16 seconds of rest. During 
rest blocks, a visual display showed a “Rest” command. At the start of each movement block a visual 
cue - displaying either the red or blue hand and corresponding movement sequence - notified 
participants whether they would be performing the trained or the control sequence. This was displayed 
for 2 seconds, then removed. Participants then performed the required sequence at a rate of two 
movements (of the sequence) per second. As a cue to aid in this timing, a fixation cross flashed at 2 
Hz on the screen. A tone also sounded at 2 Hz intervals throughout the acquisition. The last two tones 
in each movement block were at progressively lower pitches to notify participants that a rest block 
was imminent. Immediately following completion of each movement block (i.e., following the last 
fixation cross), a “Stop” command was presented for 1 second, which was then replaced with the 
“Rest” command, Four consecutive ‘runs’ were performed. Each run consisted of four trained-
sequence blocks, four control-sequence blocks, and seven rest blocks. The order of the trained/control 
sequence blocks was randomised but kept consistent between participants. Correct performance of 
the sequence was verified by recording the movements with a video camera, which were later 
reviewed for accuracy.  
Image processing and statistical analyses were performed using SPM12 (Wellcome 
Department of Imaging Neuroscience, UCL, London, UK). Functional data volumes were slice-time 
corrected and realigned to the first volume. The mean image of the resultant time series was co-
registered with the participant’s temporally-unbiased T1 template (see Methods: Cortical Thickness). 
The time series was then normalised into MNI space, an MNI brain mask was applied, and the result 
smoothed with an 8-mm FWHM isotropic Gaussian kernel. For first level statistical analyses, 
contrasts were conducted for (a) movement > rest (b) trained > rest, and (c) control > trained sequence 
blocks. All six motion parameters for each run were included as nuisance regressors. The second level 
analysis looked at the interaction between sequence and time point (i.e., baseline [control > trained] 
versus post [control > trained]). This was designed to test whether motor training altered the brain’s 
response to performance of the learned sequence, taking into account any changes that were unrelated 
to learning, or pre-existing differences between responses to the control and learned sequences 
(although no baseline differences were expected). It was possible that the trained or control sequence 
would show greater BOLD responses after training, and so we treated this as a two-tailed test. To 
account for this, we set a more conservative cluster significance level of p<0.025 FWE with minimum 
cluster size of 200 voxels, after voxel-wise thresholding at p<0.0005 uncorrected. 
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TMS mapping 
Mapping of motor cortical excitability with TMS was performed in a separate laboratory, after MRI 
acquisition. Surface electromyographic recordings were obtained from the left abductor pollicis 
brevis (APB) muscle. Recordings were made using silver/silver-chloride surface electrodes with the 
active electrode placed over the muscle belly, and the reference electrode placed over the adjacent 
metacarpophalangeal joint. Signals were amplified (x1000) and band-pass filtered (20-1000 Hz) 
using a NeuroLog system (Digitimer), then digitized (2000 Hz) with a data acquisition interface 
(BNC-2110; National Instruments) and custom MATLAB software (MathWorks). Signals were 
monitored online for movement-related activity using high-gain electromyography and a digital 
oscilloscope. 
Mapping of motor cortical excitability before and after training involved applying TMS to the 
right hemisphere in a grid like pattern (described below). The TMS was delivered using a Magstim 
2002 stimulator (Magstim, UK) and a figure-of-eight coil (70 mm diameter). The coil was positioned 
with the handle pointing backwards at a 45° angle to the sagittal plane to preferentially induce current 
in a posterior-to-anterior direction in the cortex. The optimal scalp position for evoking 
electromyographic responses in the APB was established as the position that consistently evoked the 
largest MEP amplitude in this muscle with a slightly suprathreshold intensity. Resting motor 
threshold (RMT) was determined and defined as the minimum stimulus intensity which evoked an 
MEP of at least 50 µV in at least 5 out of 10 successive stimuli. The TMS intensity used for the 
mapping procedure was set at 120% of RMT. This stimulus intensity was established for both pre- 
and post-training sessions. 
Prior to participants’ first TMS mapping session, their individual T1 MRI scan was processed 
with the neuro-navigation software ASA-Lab (ANT, The Netherlands). Markers were placed on the 
scalp surface of the structural scan in a grid-like pattern spanning the entire right hemisphere. The 
grid commenced at the vertex, and markers were placed every 1 cm anteriorly and posteriorly from 
the vertex, and then extended out laterally (to the right) in 1 cm increments. Marker sites were targeted 
with TMS using a Polaris-based infrared frameless stereotaxic system and Visor software (ANT, The 
Netherlands). Five TMS pulses were applied to these markers every 5 sec. The markers were 
stimulated systematically, moving in a medial-to-lateral direction. Stimulation of the marker sites 
continued until the average MEP amplitude from a marker site fell below 50 µV. Those sites where 
average MEPs met or exceeded this amplitude were referred to as active. Once a row of markers had 
been assessed, stimulation was moved either 1cm anteriorly or posteriorly (chosen randomly), until 
all active marker sites had been stimulated and identified. The MEP volume228 was also calculated 
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before and after training. This was calculated by summing the mean MEP amplitude of all the active 
sites. 
Training-related increases in the number of active sites and MEP volume were investigated 
using separate one-tailed, paired t-tests to compare pre-training measurements with those acquired 
after training. Significance was set as p<0.05 after Holm-Bonferroni multiple comparisons correction. 
Cortical Thickness 
We examined cortical thickness changes arising in response to motor training. We acquired 
MPRAGE T1 images (0.9mm isotropic) immediately before (“baseline”) and after (“post”) the four-
week training period using a 3T MR system (Magnetom Trio, Siemens) and a standard 32 -channel 
head coil. Images were processed with Advanced Normalization Tools (ANTs; v2.1.0, source pulled 
9th Feb 2016). An overview of the processing pipeline is shown in Figure 15. 
Single Participant Analyses 
In longitudinal analyses, it is important to utilise templates that are invariant to either time-point, in 
order to boost statistical power and avoid false-positives induced by registration bias.229 Although 
ANTs provides a longitudinal cortical thickness script, we found that the templates produced by this 
script on our system were commonly biased toward one time-point. Therefore, we constructed 
templates for each participant by rigid-registering the baseline and post structural images together 
using ANTS SyN (symmetric) transform230 after skull-stripping, N4 bias-field correction and 
intensity normalisation. Time points were transformed by half of the resulting matrices then averaged, 
producing an approximate template that was unbiased with respect to time point. This initial template 
was converted into a sharper, segmented, template using the antsMultivariateTemplateConstruction 
script, followed by the antsCorticalThickness script using the ANTs NKI template. Each axial, 
coronal, and sagittal slice was then carefully visually inspected. In instances where dura or skull were 
classified as grey matter, or the brain under-segmented, edits were made to the brain mask using ITK 
Snap v3.4.0,191 and the script was re-run with the updated brain mask. For this study, particular 
emphasis was placed on achieving highly precise segmentations of the parietal and frontal lobes 
(Supplementary Figure 2) due to their known association with, or proximity to, areas involved in 
motor training and/or learning. The process was repeated until we were satisfied with the final 
segmentations. Examples of acceptable and unacceptable segmentations are provided in 
Supplementary Figure 3. Posterior tissue probabilities were then converted into priors in a manner 
consistent with ANTs antsCookTemplatePriorsCommand script.   
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Figure 15. Cortical thickness pipeline. Steps are indicated with numbers. 1) Structural volumes from 
the baseline (left column) and post (right column) were pre-processed, skull-stripped, and registered 
using a symmetrical registration. The resulting half transforms were applied to non-skull-stripped 
images to achieve an intermediate image (top, middle column), which was processed into a sharp 
single subject template. 2) The single-subject template was then skull-stripped and segmented. The 
result was carefully visually inspected. 3) If the segmentation was considered inaccurate, the brain 
mask was manually edited and Step 2 was re-run. 4) If the segmentation was successful, each time 
point was then re-skull-stripped and segmented using the single subject template (middle row of left 
and right columns), and cortical thickness calculated (bottom row of left and right columns). 5) 
Cortical thickness at each time point was moved into single-subject template space, subtracted, and 
this difference transformed into MNI space for statistical analysis using the known transform between 
the single-subject template and MNI space. Statistical analyses were then performed across all 
subjects, resulting in statistical maps (bottom row, middle column). Images here are purely 
illustrative; orientation differences have been exaggerated in order to convey concepts clearly.  
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The antsCorticalThickness script was applied to structural images from both time points, 
utilising the single subject template, producing a cortical thickness map in single-subject-template 
space. Subtraction of the pre-training from post-training cortical thickness images produced a cortical 
thickness difference image. 
Statistical Analysis 
We hypothesised that any region of change would likely be substantially smaller than atlas ROIs, and 
so opted for voxel-based morphometry. Single subject template T1s were registered to FSL’s 1mm 
isotropic MNI152 atlas (Figure 15) using ANTs SyN, and the resultant transforms applied to cortical 
thickness difference images. Voxels where the white matter was the most probable tissue, as defined 
by the mean of all single-subject tissue priors, were excluded. Images were then smoothed with a 
5mm FWHM kernel and placed into a factorial model in SPM 12 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/). This model regressed change in cortical 
thickness against time point. This model included sex as a factor to account for its previously-reported 
effects on cortical thickness,231 and included ANCOVA normalisation for nuisance effects to account 
for any remaining global differences. In the interests of accuracy and statistical power, we restricted 
our analysis to the parietal and frontal lobes – the areas which received particular focus during 
segmentation correction (Figure 15). We set our significance criteria as p<0.05 FWE corrected, or a 
cluster comprising more than 20 voxels expressing values p<0.001 uncorrected. 
TMS and MRI overlay 
In order to interpret TMS, fMRI, and cortical thickness results together, it was important to show 
reasonable anatomical correspondence between the methods. To achieve this, TMS MEP responses 
were projected into MNI 152 space. This was achieved by converting each active site from Talairach 
to MNI coordinates, using the Lancaster transform,232 then connecting neighbouring measurement 
nodes to form a mesh. An edge of zero-value nodes was added to the outside of this mesh, based on 
the position of neighbouring nodes. A duplicate of this mesh was projected 20mm toward the midline 
of the base of the brain (x=0, y=0), reflecting the approximate penetration of the TMS pulse. Values 
on the grid were normalised between 0-1 on a per-participant basis. For each participant, a volume 
was generated by linearly interpolating all voxels in MNI space between the inner and outer surfaces 
of the grid by the nearest surrounding 8 nodes. All participants’ volumes were averaged to produce a 
mean image. This overlay was used for visual comparison of the modalities only; it was not used for 
quantification of TMS MEPs. 
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Results 
Behavioural performance 
There was no difference in behavioural performance for the morning and evening training groups, 
and therefore the data for the two groups were pooled for subsequent analyses. Prior to training, 
participants were equally proficient at performing the trained and control sequences with their left 
and right hands. Following training, there was a significant improvement in the number of sequences 
participants could complete in the 30 sec period (Figure 16; effect of time p<0.001, partial η2=0.16; 
side × sequence × time interaction p < 0.01, partial η2=0.026). Using the left (trained) hand, the 
number of correct sequences completed on the trained sequence increased by 53%, from 24.0 ± 1.2 
(Mean ± SEM) to 36.7 ± 2.1 (Holm-Bonferroni adjusted p = 2.73×10-9). There were also smaller, but 
significant improvements in performance of the control sequence with the left hand (24.48 ± 0.94 to 
25.65 ± 0.79 [Mean ± SEM]; 6.5% increase; p = 0.025 [Holm-Bonferroni adjusted]), the trained 
 
Figure 16. Increase in performance of motor training tasks following four-weeks of training. Group 
data (n = 24) showing number of correct sequences performed prior to (blue bars) and following 
(red bars) four weeks of training of a finger-thumb opposition movement sequence (trained 
sequence). Participants performed the trained and control sequence with their left hand (trained) and 
right hand (not trained). Training improved execution speed for all four hand-sequence combinations 
assessed (Each p<0.05 FWE). Data represent mean ± SEM. 
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sequence with the right hand (22.22 ± 1.11 to 26.48 ± 1.22; 21.0% increase; p = 7.53×10-6), and the 
control sequence with the right hand (21.82 ± 1.4 to 24.74 ± 1.15; 15.8% increase; p = 9.85×10-6). 
Although participants improved to a greater degree on the trained sequence than the control sequence 
(both hands p < 0.05 FWE), this difference between sequences was substantially greater for the left 
than the right hand (p<0.05 FWE). 
fMRI analysis 
Of the 23 participants included in the fMRI analysis, none exhibited excessive (>2mm or 2°) head 
movement during any session. Prior to training (Figure 17), the learned sequence versus rest contrast 
revealed four significant (p<0.05 FWE) clusters that were located across a variety of motor areas, 
predominantly in a bilateral manner, including the precentral gyri, postcentral gyri, supplementary 
motor areas and superior parietal lobule. At this time, the activation of the trained and control 
sequences were, as expected, equivalent (i.e., there were no significant clusters when contrasted). 
Following training, however, the control sequence evoked greater activation than the trained 
sequence in a number of sensorimotor areas (Figure 17), despite slight reductions in control-sequence 
activation in these areas after training (Supplementary Figure 4). To formally compare these 
differences we calculated the interaction between training type and time point (baseline [control > 
trained] versus post [control > trained]). For this contrast, positive t-values indicated locations in 
which the trained sequence showed reduced signal after training, relative to the control sequence. In 
the left hemisphere, a significant cluster overlapped the post-central gyrus and superior parietal lobule 
(1947 voxels, cluster p-FWE < 0.001; Table 8). In the right hemisphere, a similar cluster overlapped 
the pre-central gyrus, post-central gyrus, and superior parietal lobule (864 voxels, cluster p-FWE < 
0.001; Figure 18). Both hemispheres also each demonstrated a significant cluster crossing the 
premotor cortex and supplementary motor area (left hemisphere, 700 voxels; right hemisphere, 301 
voxels; each cluster p-FWE < 0.001). Reversal of this contrast, highlighting areas of increased relative 
activation of the learned sequence, revealed no significant clusters.  
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Figure 17. Mean of participants’ normalised TMS responses (Top; normalised mV), positive BOLD 
activation during the learned task (Middle; t-values for task vs rest), and positive t-value map 
contrasting BOLD for control sequence > trained sequence (Bottom), overlaid on an MNI 152 T1 
image. The left and right columns show measures before and after the training period, respectively. 
Crosshairs show equivalent anatomical positions (MNI 152 coordinate: 37, -16, 57) to aid viewing. 
TMS and BOLD signals show a large degree of overlap in the primary motor cortex. The TMS 
responses were centred more anteriorly (motor+premotor), particularly after training, than the 
BOLD responses (predominantly motor+ sensorimotor). Details of TMS projection into MNI space 
is contained in the text.  
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Figure 18. Training-related differences in BOLD activation. Groupwise functional MRI t-map, 
showing voxels which, after training, demonstrated higher signal during the control sequence than 
the trained sequence. A series of axial slices is shown. Significant clusters were apparent in the 
superior parietal lobule and primary sensorimotor cortices in the right (864 voxels; p<0.001 FWE) 
and left (1947 voxels; p<0.001 FWE) hemispheres. Significant clusters were also seen in the 
supplementary motor area / superior premotor area of the right (301 voxels; p<0.001 FWE) and left 
(700 voxels; p<0.001 FWE) hemispheres. Only voxels belonging to significant clusters are shown; a 
structural template is displayed for anatomical reference only. Left of image is left of brain. Axial 
slices shown are evenly spread between MNI-152 z-slices 67 and 26 inclusive. 
Cluster Size Peak Coordinates Anatomical Locations 
1947 -26, -54, 54 
-44, -34, 36 
-32, -44, 52 
L SPL 
L PoG 
L SPL 
864 18, -56, 60 
40, -30, 42 
20, -48, 62 
R SPL 
R PrG/PoG 
R SPL/PoG 
700 -12, -6, 64 
-24, 6, 40 
-24, 10, 42 
L SMA 
L Premotor/SMA 
L Premotor 
301 24, -8, 54 
24, -2, 64 
28, -10, 62 
R Premotor/SMA 
R Premotor/SMA 
R Premotor 
Table 8. Locations of significant cluster fMRI peaks for the timepoint-sequence interaction (Baseline 
[Control > Trained] > Post [Control > Trained]). Cluster size is in voxels. Peaks are in MNI 152 
standard space. Abbreviations: L, Left; PrG, Precentral Gyrus; R, Right; SMA, Supplementary Motor 
Area; SPL, Superior Parietal Lobule  
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TMS mapping 
There was no significant change in RMT following training (40.8% vs 41.6% maximum stimulator 
output; p > 0.05). By contrast, training induced an increase in the volume of MEP amplitudes evoked 
at the targeted sites by an average of 58.6% (p = 0.015; Figure 19). That is, with the same relative 
TMS intensity (120% of RMT), MEPs evoked by TMS at the active sites were significantly larger 
following training. There was no significant increase in the number of active sites evoked with TMS 
(p=0.09). A cortical heat-map from a representative participant is shown in Figure 19, together with 
group-wise changes. A normalised group-wise heat map (see Methods) is also shown in Figure 17. 
 
Figure 19. Training-related changes in motor cortical excitability. Top: A heat-map representation 
of the cortical representation of the abductor pollicis brevis before (left) and after (right) training in 
one representative participant. Coordinates are referenced to the vertex (0, 0). The average MEP 
amplitude evoked at each site is indicated by the colour scale (mV). Bottom: Mean number of active 
sites (left) and MEP map volume (right) before (blue) and after (red) training across all participants. 
There was no increase in active sites following training, but MEP volume increased significantly. 
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Cortical Thickness 
One participant’s dataset was lost during transfer to the server, and so was excluded from both cortical 
thickness and fMRI analyses. A second participant displayed slight MRI artefacts on the T1 images 
in the right sensorimotor cortex, and so was excluded from cortical thickness analyses. For a third 
dataset we were unable to achieve a high-quality tissue segmentation and so we excluded this dataset 
from cortical thickness analyses, leaving 21 participants in total for these analyses. At an uncorrected 
threshold of p<0.001, training resulted in an increase in cortical thickness in the right precentral gyrus 
(81 voxel cluster), right post central gyrus (34 voxel cluster) and right dlPFC at approximately 
Brodmann’s area 9 (22 voxels; Figure 20). The right supplementary motor area (SMA) also contained 
two nearby clusters, 11 and 13 voxels in size, whose individual volumes did not cross our prespecified 
threshold, but whose sum did. Although these five clusters did not survive multiple comparisons 
correction (p<0.05 FWE) all changes were observed in regions that are likely to be involved with 
motor tasks, and all were in the right (‘trained’) hemisphere. Notably, clusters at the pre- and post-
central gyri were consistent with the expected location of sensory and motor finger 
representations,233,234 and close to peaks in the (post time-point) TMS and fMRI maps. All clusters 
were within the group-wise region of successful TMS excitation, and all but the prefrontal cluster 
were consistent with regions of group-wise fMRI activation. To test the robustness of these findings, 
we removed data from the two participants who displayed the strongest performance improvements. 
In this reanalysis, the previously found clusters in the pre-central gyrus, post-central gyrus, and 
prefrontal cortex were still apparent (data not shown).  
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Figure 20. Areas of increase in cortical thickness overlaid on the FSL MNI 152 template. Light blue 
indicates voxels with significant (cluster size > 20 voxels at p<0.001 unc) increases in cortical 
thickness estimation. Increases were seen in the right prefrontal cortex (top row), and approximate 
hand areas of the right precentral (middle row) and postcentral (bottom row) gyri. Red-Yellow 
indicates mean normalised TMS response, where yellow indicates a strong response (mean ≥ 30% 
normalised peak motor evoked potential) and red indicates a weaker response (mean ≥  1% of 
normalised peak motor evoked potential); see text for details. Left of coronal and axial images 
indicates left of brain. Axial slices (top-to-bottom) show MNI y-coordinates 30, -3 and -18. Sagittal 
slices show MNI x-coordinates 44, 58 and 61. 
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Discussion 
The neural changes that accompany a period of motor training contribute to the increase in 
performance. Understanding how these neural changes manifest themselves is important in both 
guiding rehabilitation strategies,103 and understanding normal brain function. Such neural changes 
can be quantified in several ways, each with their respective advantages and limitations. Here, we 
show how utilising several different methods to concurrently quantify plasticity – behavioural, brain 
stimulation, functional brain imaging, and structural brain imaging – can offer broad insight into the 
plastic changes that arise following training. To our knowledge, these multimodal data from healthy 
adults provide the most comprehensive assessment of the functional and structural changes that occur 
following training to date.  
Four weeks of training of a sequence of finger-thumb opposition movements resulted in a 
substantial improvement in performance. This was particularly true of the trained sequence performed 
with the trained hand, for which correct sequence completions improved by 53% (Figure 16). This 
was similar (albeit slightly lower) than reported in two similar, yet smaller, studies.169,221 To further 
investigate the brain changes arising from training, we incorporated several other probes of cortical 
structure and function. Although transfer of skill did occur, both between sequences and between 
hands, our fMRI and TMS analyses were not explicitly designed to investigate such effects. Diffusion 
MRI analyses detailed in a companion paper224 explored transfer effects in the same participant group 
in more detail. 
fMRI 
Our fMRI analyses revealed that, only after training, the trained sequence evoked lower cortical 
activation bilaterally than the control sequence (Figure 18), predominantly in the sensorimotor 
cortices and superior parietal lobe (Table 8). The apparent relative reduction in functional activation 
reported here is at odds with an earlier smaller (n=6) study that used a very similar training and 
scanning approach.221 A subsequent replication of this work showed that fMRI activation decreased 
during the 3rd and 4th weeks of training, and PET data suggested that this was, at least in part, due to 
an increase in baseline blood flow rather than a decrease in actual brain activity.169 Changes in 
baseline blood flow may certainly have taken place in the present study, but are unlikely to explain 
our results because our contrast focused on the interaction between time point and task. Specifically, 
since both the control and learned tasks evoked the same patterns of activation at baseline (Figure 
17), changes in resting cerebral blood flow would be expected to affect both equally, and so cannot 
explain the statistical interaction reported here. An alternative, non-mutually exclusive, explanation 
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is that local changes, such as LTP, allowed local grey matter to perform the learned sequence more 
efficiently, reducing the need for recruitment of surrounding areas. Although motor training 
paradigms, similar to the one employed in the present study, have been shown to induce LTP-like 
changes in cortical activity,235 it would be fair to consider this hypothesis speculative if based on 
fMRI alone. In the present work, however, it is supported be two additional lines of evidence: changes 
in TMS-evoked responses, and changes in cortical thickness. 
TMS 
TMS provides an indirect way to assess LTP-like changes in cortical excitability. Since TMS activates 
motor cortical output neurons trans-synaptically, if synaptic efficacy is increased, this should lead to 
an increase in the amplitude of the MEP at a given stimulus intensity.236 Here, we showed that MEP 
amplitudes were larger following training (Figure 19). Notably, there was no significant change in 
the area that could evoke an MEP in the APB. This suggests that the changes indexed by TMS were 
predominantly driven by changes in neural networks that already played a role in contraction of the 
APB.  
In order to consider TMS and MRI evidence together, it is important that these are viewed 
with respect to one another, to ascertain that regions of measurement (or signal change) for these 
modalities have reasonable anatomical overlap. In the present study, the areas of cortex that were 
activated by the trained sequence (in the trained hemisphere) during fMRI scans were very similar, 
though not identical, to areas eliciting MEPs during TMS mapping (Figure 17). TMS and fMRI map 
markedly different aspects of motor control, and so perfect overlap between them should not be 
expected: fMRI here contrasted BOLD responses to sequential movement of the fingers and thumb 
versus rest, while TMS targeted neurons functionally relevant to activating the APB muscle. 
Keeping in mind that there was no increase in the RMT, the TMS findings suggest that at least 
one of three processes have taken place: enhanced trans-synaptic transmission (e.g., through LTP), 
increased neurite density, and/or improved conduction of the corticospinal tract. Both the first and 
second of these possibilities support our earlier hypothesis introduced in the context of the fMRI 
results. The third possibility, regarding changes in white matter, is investigated in detail in our follow-
up publication.224  
Cortical Thickness 
Increased cortical thickness was observed after motor training within the right SMA, right middle-
frontal gyrus, as well as right pre-central gyrus and right post-central gyrus. Although cortical 
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thickness changes did not reach our stricter FWE-corrected threshold, the clusters of significant 
voxels seen were sizeable (22 - 81 voxels @ p<0.001) and striking in their location. The location of 
clusters in the pre- and post-central gyri were consistent with our fMRI maps, our TMS maps (Figure 
20), and with areas responsible for sensorimotor representation of the fingers elucidated through 
electrocorticographic and brain stimulation techniques.233,234 The neighbouring clusters seen in the 
right SMA were also within the TMS and fMRI maps from our study, and consistent with previous 
findings that this area plays a role in motor learning.237 That these changes appeared near the peaks 
of fMRI and TMS maps adds further credibility to the suggestion that changes in fMRI and TMS 
patterns were a reflection of altered neurite organisation, density, and/or connection strength in 
regions that, at baseline, were already predominantly responsible for execution of the (to-be) learned 
sequence, rather than altered responsibility of surrounding areas. 
The final location in which we saw changes in cortical thickness was the dlPFC, which is 
known to play an important role in error-correction of motor output (along with the caudate 
nucleus).215,216 Structural changes in the dlPFC were toward the edge of the TMS response map, and 
not in an area of fMRI change. The role of the dlPFC is to modulate motor responses, not generate 
them directly, and so it should not be surprising that only small TMS responses were recorded. 
Furthermore, we do not consider cortical thickness change here to be at odds with fMRI findings 
because the fMRI analysis was optimised for detection of motor output and conducted at around half 
the speed participants were capable of at baseline; it did not contrast very-challenging-versus-relaxed 
motor performance, as would be optimal to highlight an area that plays a role in error detection. In 
fact, we believe this apparent discrepancy highlights the usefulness of multimodality imaging in 
measuring neuroplasticity to provide a more accurate overview of changes that take place during 
learning.181 The dlPFC and related areas were further investigated with diffusion imaging; these 
analyses are described in a separate publication.224 
Generalisation to the Untrained Hand 
We report improvements in task performance for both sequences in both hands, despite only one 
sequence with the non-dominant hand being trained. Such cross-hemisphere generalisation is at odds 
with one smaller study (n=6) that employed a similar learning task,221 but is consistent with findings 
from several other motor studies that utilised other tasks.238,239  Our fMRI analyses revealed that, after 
training, execution of the trained sequence with the left hand elicited reduced activation relative to 
the control sequence, bilaterally. However, the present results and those of our companion paper224 
revealed no changes in the left hemisphere as measured with structural or diffusion MRI. This 
discrepancy suggests that altered fMRI and behavioural measures of the ‘untrained’ side may reflect 
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changes in grey matter, such as LTP or altered neurite density, that were too subtle to be detected by 
structural MRI. Techniques such as neurite orientation dispersion and density imaging,171 or bilateral 
TMS, EEG, or fMRI tasks targeting the opposite hand, might allow future studies to shed further light 
on this issue. 
Limitations 
The present study was designed to maximise the amount of concurrently acquired information. 
Practical considerations, however, meant that the depth of investigations with each modality had to 
be limited, leaving some open questions for future studies. For example, more challenging rates of 
task execution were not assessed using fMRI. Including such a manipulation might have helped us 
interpret the changes in dlPFC and related structures, as reported both here and in our diffusion MRI 
work.224 Similarly, TMS was not acquired for the ‘untrained’ hemisphere. Including such a condition 
might help to understand processes responsible for skill transfer between hemispheres. Future work 
could also further illuminate these processes by including an additional time point, several days or 
weeks following the cessation of training. Another possibility would be to include daily behavioural 
assessments, to assess whether training-related brain changes reflect continuous skill acquisition, or 
instead track ongoing learning processes themselves and subside once skill level reaches a plateau. 
In a multiple-time point study of this nature, collecting behavioural error rates, in addition to 
successful-sequence completion rates, would also be advantageous. 
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Conclusion 
We have shown that four weeks of motor training can invoke robust changes in behaviour, cortical 
thickness, fMRI activation, and TMS-evoked motor maps in motor regions of the brain. Taken 
together with our diffusion MRI findings,224 the work presented here provides the most cohesive and 
comprehensive longitudinal study of motor plasticity in healthy adult humans to date. All three brain 
measures suggested that motor learning was driven by LTP-like plasticity that was relatively 
widespread across the sensorimotor system – even when a participant is trained on a simple task 
solely on the basis of proprioceptive feedback.  
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 Supplementary Material 
 
Supplementary Figure 2. Region of interest for cortical thickness analysis (red) overlaid on the FSL 
MNI template used to coregister participants. To correct segmentation errors, brain masks for single-
subject templates were manually edited in every sagittal, axial, and coronal slice prior to warping to 
MNI space. Final segmentation acceptability was based predominantly on the frontal and parietal 
lobes (red). Voxel-based morphology statistics were solely calculated for these regions.
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Supplementary Figure 3. Coronal (left column) and Axial (right column) views of final hard segmentations achieved for a single-subject template, as 
calculated by ANTs. Blue, green, and red indicate white matter, grey matter, CSF, respectively. Top Row: segmentation performed without any form of 
manual correction. Arrows indicate locations where dura has been categorised as grey and/or white matter. The existence of any of these errors would 
deem the segmentation unacceptable in the present study. Small (<5 voxel) clusters of grey matter labelling of the dura in the temporal and occipital 
lobes were generally corrected but did not automatically deem an entire segmentation as unacceptable if the only error present. Bottom Row: 
segmentation of the same template using repeated brain mask correction to correct segmentation errors. The displayed images are representative of the 
typical error-correction performed, and final segmentation quality obtained, in the present study. Left of images is subject’s left. Top of axial images is 
anterior. Top of coronal images is superior.
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Supplementary Figure 4. Functional MRI for baseline [control_sequence > rest] > post 
[control_sequence > rest]. Result is thresholded at p<0.001 uncorrected with minimum cluster size 
of 20 voxels; no voxels survived at a voxelwise threshold of p<0.05 FWE. Left of image is left of 
brain. This map indicates areas where brain activation was lower after training than before training, 
as participants undertook a novel tapping sequence. Activation can be seen in several motor regions, 
including regions ipsilateral to the trained hand. Note that this scan was not intended to be directly 
interpreted; instead, it was intended as a control for execution of the learned sequence, allowing 
statistics to account for daily fluctuations and other changes unrelated to motor learning. The 
opposite contrast was also conducted (baseline [control_sequence > rest] < post [control_sequence 
> rest]). This revealed increased activation in the right superior parietal lobe at p<0.001 
(uncorrected) with minimum cluster size of 20 voxels (not shown). 
 
119 
 
Chapter 6  
Brain changes following four weeks of 
unimanual motor training: evidence from 
fMRI-guided diffusion MRI tractography 
This chapter consists of the paper Structural and functional brain changes following four weeks of 
unimanual motor training: evidence from fMRI-guided diffusion MRI tractography. This and the 
preceding chapter form a pair of papers which are both available on the preprint server bioRxiv. The 
present chapter has been accepted to the journal Human Brain Mapping; the previous chapter was 
still under peer review for the same journal at the time of writing. Together, these papers describe a 
wide-scale multimodal analysis of motor learning in healthy adults. The present chapter focusses on 
behavioural data and diffusion MRI of the corticospinal tract, basal ganglia, and dorsolateral 
prefrontal cortex.  
The opening to the previous chapter describes how this pair of chapters contribute toward 
Aim 3 of this thesis. In addition, the present chapter contributes toward Aim 2: address the need for 
algorithms that can reliably detect subtle structural brain changes and that perform well in the 
presence of pathology. Specifically, this chapter demonstrates that the fMRI-driven diffusion method 
previously described is sufficiently sensitive to detect minute changes in white matter microstructure 
associated with motor learning. A similar analysis in children with UCP is demonstrated in Chapter 
7. A formal analysis of the reliability of this method in children with UCP appears in Chapter 8. 
As joint-first author on this publication, I analysed all data, and was the primary contributor 
in terms of data and manuscript construction. I also made substantial contributions toward planning 
of analyses. Contributions by others were predominantly study planning, data acquisition, manuscript 
editing, and critiquing the biological interpretation of final results.  
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Abstract 
We have reported reliable changes in behaviour, brain structure and function in 24 healthy right-
handed adults who practiced a finger-thumb opposition sequence task with their left hand for 10 mins 
daily, over four weeks. Here we extend these findings by employing diffusion MRI to investigate 
white-matter changes in the corticospinal tract, basal-ganglia, and connections of the dorsolateral 
prefrontal cortex. Twenty-three participant datasets were available with pre-training and post-training 
scans. Task performance improved in all participants (mean: 52.8%, SD: 20.0%; group p<0.01 FWE) 
and widespread microstructural changes were detected across the motor system of the ‘trained’ 
hemisphere. Specifically, region-of-interest based analyses of diffusion MRI (n=22) revealed 
significantly increased fractional anisotropy in the right caudate nucleus (4.9%; p<0.05 FWE), and 
decreased mean diffusivity in the left nucleus accumbens (-1.3%; p<0.05 FWE). Diffusion MRI 
tractography (n=22), seeded by sensorimotor cortex fMRI activation, also revealed increased 
fractional anisotropy in the right corticospinal tract (mean 3.28%; p<0.05 FWE) predominantly 
reflecting decreased radial diffusivity. These changes were consistent throughout the entire length of 
the tract. The left corticospinal tract did not show any changes. FA also increased in white matter 
connections between the right middle frontal gyrus and both right caudate nucleus (17/22 participants; 
p<0.05 FWE) and right supplementary motor area (18/22 participants; p<0.05 FWE). Equivalent 
changes in FA were not seen in the left (‘non-trained’) hemisphere. In combination with our 
functional and structural findings, this study provides detailed, multifocal evidence for widespread 
neuroplastic changes in the human brain resulting from motor training.  
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Introduction 
The science of motor rehabilitation for patients with brain injury is hampered by a lack of 
understanding of how experience changes brain structure and function at microscopic and 
macroscopic scales. A small number of publications have reported such changes in animal models, 
cross-sectional comparisons, and/or functional measures of brain change.209 The majority of such 
studies have reported results from single imaging modalities (e.g. fMRI) with different study 
protocols and learning tasks, which can make it difficult to interpret the available research to construct 
a cohesive picture. In addition, despite decades-old reports of electrical activity inducing myelination 
in vitro,170,240 evidence that myelin is continuously turned over in vivo,241,242 and evidence that 
electrical potentials evoked by stimuli can change in response to some other forms of learning, 243 
there have been very few longitudinal studies of white matter (WM) change associated with motor 
learning in humans. In the few works published, changes in diffusion MRI (dMRI) have 
predominantly indicated possible changes near the GM/WM interface in visuo-motor areas in 
participants undergoing visuo-motor skill learning80 and in the frontal lobe of participants learning a 
balancing task.237 Curiously, this latter study reported a reduction, rather than increase, in fractional 
anisotropy (FA), and a variety of decreases in cortical thickness amongst its results. All of these 
studies have relied on voxel based morphometry (VBM). Unfortunately, when applied to dMRI, 
VBM can be greatly influenced by the parameters used, and false positive results can arise through 
registration biases.229,244,245 Although VBM is still considered a valuable family of methods, the 
voxelwise statistics produced can have low statistical power and, in most instances, leave researchers 
unable to confidently interpret their results in terms of specific tracts,246 which precludes insight into 
precisely which networks are undergoing change. 
Diffusion tractography allows measurement of microstructural properties of specific WM 
tracts, but is a largely unexplored method in this area, potentially because of several limitations that 
accompany its most common implementation. First, the method traditionally relies on parcellation-
based tract classification, which is likely to include aspects of WM tracts that are functionally 
irrelevant to the learned task.181 For example, effects of practicing a hand-based motor task would be 
ideally investigated in only the part of the corticospinal tract responsible for hand movement, but 
parcellation-based seeding would typically also include fibres responsible for movement of the face, 
trunk, and legs. Failure to restrict measures to fibres involved with hand use theoretically weakens 
the method’s sensitivity and, in longer-term studies, increases the likelihood that any changes found 
might reflect other processes, such as developmental maturation.e.g. ,247 Diffusion metrics from 
tractography are also typically calculated on a whole-tract-mean basis, opening the possibility of 
missing changes in a subset of voxels or – if artefactual or due to changes in a crossing fibre – falsely 
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concluding that the entire tract has changed. Finally, neither voxel-based morphometry nor traditional 
tractography integrate functional information, which limits the ability to infer functional relationships 
between changes seen, brain function, and skill acquisition. 
Previously, we reported a multimodal study of motor learning which used fMRI, TMS, 
cortical thickness and behaviour (task performance) to assess structural and functional brain changes 
in 24 healthy adults who practiced a non-visual motor task for ten minutes a day for four weeks.248 
These findings suggested that improvements in task performance were driven, at least in part, by 
changes within the grey-matter, such as long-term potentiation of synapses. These changes appeared 
to take place in cortical regions that were already responsible for task performance at baseline, rather 
than representing gained function in neighbouring areas. The amplitude of TMS-evoked motor 
evoked potentials reported in this previous work increased significantly following training, which 
could reflect both grey matter changes (either locally within the stimulated brain region, or in remote 
but functionally related brain regions), improved white-matter conductivity, or both. Changes in 
cortical thickness of the dorsolateral prefrontal cortex (dlPFC) were also reported, but neither TMS 
nor fMRI were optimised for investigating this area.   
Here, we report the effects of four-weeks of motor learning on the microstructure of the basal 
ganglia, corticospinal tract, and related intracortical white matter networks. We hypothesised that, 
solely in the ‘trained’ hemisphere, fractional anisotropy would increase in the corticospinal tract, 
dlPFC connection to the caudate nucleus, and dlPFC connection to the supplementary motor cortex, 
due to the importance of these networks in voluntary movement and motor learning. We also 
hypothesised that the basal ganglia may exhibit microstructural changes, reflecting sub-cellular 
reorganisation evoked by an LTP-like process associated with motor practice. Unlike previous 
studies, this experiment was carried out with a pure motor-coordination task, and on a dataset for 
which a variety of brain changes and performance improvements are known to have occurred.248 To 
overcome the aforementioned limitations of traditional dMRI methods, where possible, we utilised a 
recently-validated fMRI-guided diffusion tractography method249 that allows for sensitive 
measurement of diffusion metrics in specific functionally-relevant tracts. The novelty of the present 
findings lies in the unique (and broad) loci over which changes were detected, in the specific 
hypotheses addressed, and in the high-degree of anatomical specificity provided by the utilised 
methods. Furthermore, the present results yielded relatively clear-cut biological interpretations, and 
we believe generate a number of testable predictions for future work. This is due in part to concurrent 
changes that were detected in a number of independent measures, including TMS-induced motor-
evoked potentials.248 We also performed a series of subanalyses to confirm results were not a 
reflection of participant selection, tensor fitting algorithms, voxel exclusion criteria, tractography 
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seeding biases, or variable region-of-interest placement. In combination with our functional and 
structural findings, this study provides compelling evidence that neuroplasticity can be induced 
throughout the motor system by a relatively focussed form of motor training, and interpreted more 
robustly when measured with a comprehensive multimodal imaging approach.  
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Methods 
Participants and Task 
Details of the task and participants have been published elsewhere.248 In brief, 24 participants were 
recruited (14 female; aged 28.8 ± 1.5 years; range 18 – 40 years) who were all right-handed (laterality 
quotient 0.92 ± 0.03; range 0.58 – 1.0) as assessed by the Edinburgh handedness questionnaire. 
Participants practiced a finger-thumb opposition sequence with their left hand for ten minutes each 
day, for four weeks. Participants were randomised to practice one of two sequences, and instructed 
to practice as quickly and accurately as possible but not to watch their hand while doing so. We 
collected MRI (3T Siemen’s Magnetom Trio) and behavioural data for 23 participants immediately 
before (baseline) and after (post-training) this period. Task performance was assessed as the number 
of correct sequences that could be performed in a 30-second period. This was recorded for each hand 
by video, outside of the scanner, and quantified offline. Participants gave informed consent and the 
study was approved by The University of Queensland Human Research Ethics Committee. 
Single Participant T1 Templates 
In longitudinal analyses, it is possible for variable regions of interest to induce biases that result in 
false positive or false negative results. To avoid this, diffusion measures which required atlas-based 
regions of interest utilised single participant templates – T1 images for each participant that were 
unbiased with respect to time point. The steps used to generate these are described in detail 
elsewhere.248 In brief, a participant’s T1 images (MPRAGE, 0.9mm isotropic) at pre- and post-
training were N4 corrected, intensity normalised, and registered to one another using half of a 
symmetrical transform, calculated with ANTS Syn,230 after skull stripping. This initial template was 
converted into a sharper template using the antsMultivariateTemplateConstruction script. 
Segmentation was achieved by using ANTs tools with the ANTs NKI template. If the segmentation 
was not satisfactory, the brainmask was carefully manually edited and this process repeated. 
Examples of satisfactory and unsatisfactory segmentations can be found with detailed descriptions of 
this process elsewhere.248 Cortical labels were calculated for each participant’s templates using 
antsJointLabelFusion with the ANTS IXI and NKI templates. To identify structures of the basal 
ganglia,  single-participant template T1s were processed with volBrain,250 which has been 
demonstrated to provide accurate delineation of deep GM structures.251 
Diffusion MRI of the Basal Ganglia 
Several structures of the basal ganglia are thought to play key roles in motor learning and goal directed 
behaviour.215,216,219,252 It is therefore possible that extensive practice of a motor task could drive an 
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LTP-like process that subtly modifies sub-cellular organisation within these regions. We aimed to 
determine whether changes in microstructure were apparent in the basal ganglia. At both time points, 
we acquired a 64-direction high-angular resolution diffusion image sequence with b=3000s/mm2, one 
b = 0 image, whole brain coverage, and 2.34 x 2.34 x 2.5mm spatial resolution. Our HARDI dMRI 
pipeline has been published in detail elsewhere.58,190 In brief, dMRI data underwent extensive 
preprocessing, and constrained spherical deconvolution was used to estimate fibre orientation 
distributions. We used MRTrix 3 (https://github.com/MRtrix3/mrtrix3)180 to calculate tensor metrics 
across the whole brain.  
Registration between T1 and diffusion b0 diffusion images was calculated with FSL’s 
epi_reg, using the previously generated single-participant template white-matter segmentation. By 
applying the inverse of this transform, labels for the basal ganglia were moved into diffusion space. 
Mean FA and MD values were then sampled within the labels for the globus pallidus, putamen, 
caudate nucleus, and nucleus accumbens (NAcc). Although volBrain also provides a label for the 
amygdala, we considered this area unsuitable for analysis as it is often heavily distorted in dMRI 
images. 
We hypothesised that changes would likely be in the right hemisphere, and in specific ROIs, 
rather than across the entire basal ganglia. We performed a factorial ANOVA to determine whether 
changes had occurred differentially in any of these regions. This model was as follows: 
𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛𝑀𝑒𝑡𝑟𝑖𝑐~(𝑠𝑢𝑏𝑗𝑒𝑐𝑡 + 𝑡𝑖𝑚𝑒𝑝𝑜𝑖𝑛𝑡) ∗ 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ∗ ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒 
where structure refers to the basal ganglia structure type (putamen, caudate nucleus, etc). This 
model was used to better account for the non-independence of diffusion metrics between structures 
in each hemisphere (e.g. left and right putamen) than is possible by treating left and right structures 
as independent categorical variables. A significant interaction between structure, hemisphere, and 
time-point was used as the criterion for performing post-hoc paired t-tests to determine which 
individual ROIs had changed with respect to timepoint. Post-hoc tests were corrected for eight 
multiple comparisons using the Holm-Bonferroni method (α < 0.05 FWE). We tested for decreases 
in MD (one-tailed), but bi-directional changes in FA (i.e. two-tailed), as interpreting FA change is 
not straightforward in deep grey-matter.  
Diffusion MRI of the Frontal Cortex 
Previously, we reported cortical thickness changes in the right (‘trained’) dlPFC in the region of 
Brodmann’s area 9.248 Top-down control of motor output, for error-correction, is predominantly 
associated with activation of the dlPFC, as well as the caudate nucleus.215,216 The dlPFC is thought to 
connect strongly with premotor areas, including the supplementary motor area (SMA)253 – a region 
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which displayed changes in fMRI, cortical thickness, and TMS measures after training in the present 
cohort.248 For these reasons, we measured FA in connections between the middle frontal lobe and 
SMA, and the middle frontal lobe and caudate nucleus, with diffusion tractography.  
Probabilistic whole-brain tractography was performed on constrained spherical deconvolution 
images using MRTrix 3.0. For each dataset, 20 million streamlines were generated using anatomically 
constrained tractography (iFOD2), with dynamic seeding and backtrack flags, but otherwise default 
settings. For each hemisphere, we sampled FA for tracts connecting (A) the middle frontal gyrus and 
caudate nucleus and (B) the middle frontal gyrus and SMA. Functional MRI-driven tractography was 
not possible for this subanalysis due to practical limitations regarding scan time, and so a standard 
parcellation-based approach was used. Labels used were from the single participant T1 templates (see 
above) to avoid temporal bias. The SMA label included both pre-SMA and SMA-proper. Sampling 
was weighted according to the output of MRTrix SIFT2. 254 Difference in FA (post-training – pre-
training) values violated assumptions of normality and were non-symmetrical. As such, a binomial 
test was conducted to calculate for an over-representation of FA increases (H0: π ≤ 0.5) with Holm-
Bonferroni correction for four multiple comparisons (α < 0.05 FWE). 
Diffusion MRI of the Corticospinal Tract  
We aimed to determine whether diffusion MRI metrics of the right corticospinal tract changed in 
response to the motor learning task. To focus on functionally-relevant white-matter, we analysed 
these images with an fMRI-seeded dMRI-tractography protocol that has been published in detail 
elsewhere.249 In brief, T1 images were used to generate surface meshes, upon which fMRI activations 
were calculated (see below). Statistically significant activation within the right S1M1 was used to 
seed probabilistic tractography from the white matter near the grey-matter/white-matter interface. 
The same mesh and seed were used for each time point. Tractography was performed on constrained 
spherical deconvolution images using MRTrix software that had been modified to utilise surface 
meshes as masks. For each dataset, 40,000 streamlines were generated that passed from the seeding 
region, through either the posterior limb of the internal capsule or the thalamus (as defined by 
manually-drawn regions of interest) and terminated in the brainstem. Meshes constrained 
tractography to the WM. Streamlines were classified as corticospinal or thalamocortical using k-
means clustering and streamlines belonging to thalamocortical tracts were discarded. Although 
complex, this method has recently been shown to reveal more significant and robust relationships 
between motor performance and diffusion metrics than naïve voxel-based fMRI+dMRI methods, and 
also provides more coherent tracts than ROI-based classification.249 Our method here deviated from 
the previously published version by fMRI task and filtering method (see below). In order to rule out 
that any changes in the right corticospinal tract were due to biases in registration or tensor-fitting, the 
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procedure was repeated for the left corticospinal tract in all participants who displayed bilateral 
activation during the functional MRI. 
Functional MRI 
Functional MRI was used to identify functionally-relevant cortical areas for each participant, from 
which tractography was seeded. We acquired a 2D gradient-echo EPI (TE 28 ms, TR 2670 ms), with 
online distortion correction and 41 axial slices providing full-brain coverage at a voxel size of 3.28 x 
3.28 x 3.3mm (matrix size 64 x 64; FOV 210 x 210 mm; slice gap 0.3mm). Prior to entering the 
scanner, participants familiarised themselves with the two movement sequences – ‘trained’ and 
‘control’ – that they were going to perform within the scanner. Within the scanner, participants 
performed these finger-thumb opposition movements with their left hand in blocks of 16 seconds, 
each followed by 16 seconds of rest. During rest blocks, a visual display showed a “Rest” command. 
At the start of each movement block a visual cue - displaying either the red or blue hand and 
corresponding movement sequence - notified participants whether they would be performing the 
trained or the control sequence. This was displayed for 2 seconds, then removed. Participants then 
performed the required sequence at a rate of two movements per second. As a cue to aid in this timing, 
a fixation cross flashed at 2 Hz on the screen. A tone also sounded at 2 Hz intervals throughout the 
acquisition. The last two tones in each movement block were at progressively lower pitches to notify 
participants that a rest block was imminent. Immediately following completion of each movement 
block (i.e., following the last fixation cross), a “Stop” command was presented for 1 second, which 
was then replaced with the “Rest” command, Four consecutive ‘runs’ were performed. Each run 
consisted of four trained-sequence blocks, four control-sequence blocks, and seven rest blocks. The 
order of the trained/control sequence blocks was randomised but kept consistent between participants. 
Correct performance of the sequence was verified by recording the movements with a video camera, 
which were later reviewed for accuracy.  
Each fMRI-session was analysed individually in surface space, using methods and parameters 
described previously.249 This included 5mm of surface-smoothing, and motion scrubbing where 
framewise displacement165 exceeded 0.9mm. Contrast was set as learned-sequence > rest, for which 
statistical significance was set at p<0.05 FWE. As this study enrolled healthy adults, we were able to 
utilise non-linear registration (NiftyReg)255 to propagate labels from the Harvard-Oxford atlas to the 
mesh in order to crop significant activation to the right S1M1. Manual filtering of significant 
activation was then carried out, as described previously.249 to retain only the largest ROI near the 
hand-knob on the right S1M1. For each participant, regions of significant activation from each time-
point were combined with logical ‘OR’ to provide an identical seeding region for each time-point’s 
tractography. This seeding region was expanded such that total seeding area was at least 200mm2 in 
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participants who displayed significant fMRI activation, but whose total seeding area was below this 
size. 
Statistical Analysis of Tractography 
We sought to determine whether FA had changed over time for the corticospinal tracts. Diffusion 
metrics were sampled for each tract, and the mean taken. Paired t-tests were applied to pre- and post-
training tensor values to determine whether change in FA or MD occurred with training. It has become 
commonplace in VBM analyses to exclude voxels with FA values < 0.2, in order to exclude GM 
voxels.246 Tractography naturally avoids such voxels, but to maintain comparability with previous 
works in this area, which have relied on VBM analyses, we repeated our analysis excluding all 
samples from voxels with an FA < 0.2. 
Changes in diffusion metrics were expected to be subtle. Although probabilistic tractography 
is robust to minor deviations in seeding position (especially with multiple inclusion ROIs), the 
possibility remains that deviations in tractography and/or errors in tensor fitting could cause a small 
number of voxels to artificially raise the mean FA of a tract, particularly near the seed point. The 
nature of axonal ‘all-or-nothing’ signalling and relationships between activity and subsequent 
myelination170,240 imply that genuine changes in white matter should occur throughout the entire 
length of a tract. To confirm that any detected changes reflected genuine change throughout the length 
of the corticospinal tract, each streamline was binned into seven equal-length sections, using a method 
previously described,256 and intensities were sampled for each section. An example of this binning is 
shown in Figure 22. Means for each bin were entered into a factorial ANOVA, with time-point, 
participant, and bin as factors, as well as participant * time-point and time-point * bin interactions, 
using R.257 Bin was treated as a categorical, rather than continuous, variable due to the non-linear 
nature of FA values across the tract length. The significance of the time-point * bin interaction in this 
model was inspected to determine whether any mean change was due to differences in a small cluster 
of voxels, or local variations in tractography, rather than biologically plausible changes. Criteria for 
further investigation into any such issues was set as (A) a loss of significance (p≥0.05) for the ‘time-
point’ factor, and/or (B) trends towards significance (p<0.1) for this interaction term. 
TBSS 
To facilitate comparison with previous works, we also ran tract based spatial statistics on our data. 
As voxelwise approaches are largely outside of the intended goals of this work, they are detailed and 
discussed in Supplementary Materials.   
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Results 
Results are summarised in Table 9. Results for each participant are provided in Supplementary 
Materials. One participant displayed MRI artefacts on the T1 images in the right sensorimotor cortex, 
and so was excluded from all results reported here, leaving 22 participants. For these 22 participants, 
increased execution speeds were observed in the post-training assessment for both the trained (Left 
hand: 53 ± 4.0% [Mean ± SEM]; Right hand: 23 ± 4.2%) and control sequences (Left hand: 7.6 ± 
3.0%; Right hand: 17 ± 3.9%). These mean increases were all statistically significant (One-tailed 
paired T-Test; Holm-Bonferroni corrected p<0.01). The degree of performance improvement was 
Sequence Execution Speed (n=22) 
Sequence Hand Mean Change Significance  
Trained  Left ↑ 53% P<0.01 FWE 
Control  Left ↑ 7.6% P<0.01 FWE 
Trained  Right ↑ 23% P<0.01 FWE 
Control  Right ↑ 17% P<0.01 FWE 
fMRI Driven Tractography (n=22) 
Measure Tract Mean Change Significance 
FA Right Corticomotor ↑ 3.28% p<0.05 FWE 
FA Left Corticomotor ↑ 0.67% ns (p>0.3) 
Diffusion MRI of Basal Ganglia (n=21) 
Measure Structure Mean Change Significance 
FA Right Caudate ↑ 4.9% p<0.05 FWE 
MD Right Caudate ↓ 0.9% p=0.087  
FA Right NAcc ↓ 3.2% p=0.071 
MD Left NAcc ↓ 1.3% p<0.05 FWE 
Middle Frontal Gyrus FA Increases (n=22) 
Hemisphere Connection To Increase Frequency Significance 
Right Right Caudate 17/22 p<0.05 FWE 
Right Right SMA 18/22 p<0.05 FWE 
Left Left Caudate ns ns (p>0.5) 
Left Left SMA ns  ns (p>0.2) 
Table 9. Summary of major findings. Values are rounded to 2 significant figures. Significance is 
uncorrected for multiple comparisons, except where ‘FWE’ is signified.  Abbreviations: FA, 
fractional anisotropy; FWE, Family-wise error (multiple comparisons) corrected; n, number of 
participants; ns, not significant; MD, mean diffusivity; NAcc, Nucleus Accumbens; RD, radial 
diffusivity; SMA, supplementary motor area 
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greater for trained than untrained sequence in the left hand (p=1.2E-9) but not in the right hand 
(p=0.07).  
Diffusion MRI of the Basal Ganglia 
No additional datasets were excluded from the diffusion MRI analysis of the basal ganglia (n=22). 
An example of ROI placement is shown in Figure 21. A significant interaction between structure, 
hemisphere, and time-point was found (p=0.025) and so post-hoc tests were performed. In the right 
caudate nucleus, FA increased significantly (4.9±1.4% [Mean ± SEM]; p=0.002; p-corrected<0.05), 
and there was a trend towards an MD decrease (-0.8±0.7%; p=0.087; p-corrected=ns). In the NAcc, 
a trend toward a decrease in FA was apparent in the right hemispheric nucleus (-3.2±1.8%; p=0.07; 
p-corrected=ns), and a decrease was seen in MD of the left hemispheric nucleus (-1.3±0.6%; p=0.005; 
p-corrected<0.05). We did not see changes in the globus pallidus or putamen. To test the robustness 
of these findings, we reran analyses using ANTs-generated basal ganglia labels, instead of those from 
 
Figure 21. Example of volbrain ROI placement on a single participant template (left) and to a 
diffusion FA image (right). Colours: Red, Caudate Nucleus; Blue, Putamen; Green, Globus Pallidus; 
Yellow, Nucleus Accumbens. 
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volBrain, and utilised tensor maps calculated with an older version of MRTrix (2.9), which uses a 
different tensor fitting method. This reanalysis found a similar pattern of changes (data not shown).  
Diffusion MRI of the Corticospinal Tract  
fMRI 
In this study, fMRI was used to delineate hand knob cortical regions for seeding tractography rather 
than to provide a measure of cortical plasticity. Changes in fMRI patterns with training have been 
reported in a previous paper (Chapter 5). For this reason, the fMRI activation maps for both baseline 
and post-training sessions were combined for each participant to delineate the hand knob region. 
Statistically significant S1M1 activation was unilateral in 5 participants and bilateral in the remaining 
17 participants. An fMRI activation pattern from a typical participant is shown in Figure 22. All 
participants had significant S1M1 activation in the right hemisphere; this was used to seed 
tractography which delineated the right corticospinal tract. For those participants with bilateral 
activation, the motor region with significant BOLD response in the left hemisphere was used to 
delineate the left corticospinal tract. Significant activation was also commonly found in the 
supplementary motor area (21 participants) and superior parietal lobule (20 participants), but such 
activation was not used for seeding tractography.  
Whole-Tract FA and MD 
After training, mean FA of the right corticospinal tract had increased by 3.28% compared with the 
baseline measurement (p=0.0029 uncorrected; p<0.05 FWE for two comparisons; SEM 1.1%; median 
2.01%), driven predominantly by a mean 2.2% decrease in radial diffusivity (median 1.34% 
decrease). MD of the right corticospinal tract was unchanged (p>0.1). FA and MD of the left 
corticospinal tract were also unchanged (both p>0.05). When the five participants who did not display 
left-hemispheric fMRI activation were also excluded from the right-hemispheric results, mean change 
in FA in the right corticospinal tract strengthened to a 3.95% increase (p<0.004 uncorrected; SEM 
1.31%; median 3.45%) . When these analyses were repeated with a voxel inclusion criteria of FA ≥ 
0.2, or with tensor maps calculated with older version of MRTrix (2.9) which uses a different tensor-
fitting algorithm, the same pattern of results was obtained (data not shown). Although the seeds were 
identical for each time point, we sought to alleviate concerns that results were due to some unforeseen 
complication with fMRI seeding, and reran the analysis defining each corticospinal tract in a much 
more simplistic manner – tracks connecting the precentral gyrus to the brainstem. A similar pattern 
of results was seen, albeit with numerically smaller degrees of change in the right hemisphere (data 
not shown), as one may expect from a substantially less anatomically-specific method.249  
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Along-Tract Analysis 
On the basis of an apparent increase in FA, a reanalysis was conducted to determine whether FA 
change occurred throughout the corticospinal tract. The right corticospinal tract was split into seven 
equal-length sections from which FA was resampled (Figure 22). A factorial ANOVA fed mean bin-
FA values yielded significant effects of time-point (p<0.001), and all controlled-for factors (see 
methods; all p<0.001) but the bin * time-point interaction was not significant (p=0.42), implying 
 
Figure 22. fMRI-tractography for a representative participant. Top Left: fMRI t-value map for 
learned-task versus rest. Top Right: Areas of significant fMRI activation (red) after filtering and 
transforming to the grey-matter white-matter interface (silver; see text). Bottom Left: Left (blue) and 
right (green) corticomotor tracts, eludidated with tractography seeded from the thresholded fMRI 
(red), overlaid on the fractional anisotropy image. Bottom Right: 3D rendering of voxels crossed by 
the right corticomotor tract, broken into seven bins. 
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change was relatively consistent (did not significantly differ) throughout the length of the tract. 
Unadjusted mean FA increased by 2.10 – 4.3% across the seven bins (Figure 23). This same pattern 
of results was found when the requirement for voxels to have an FA ≥ 0.2 was applied, or MRTrix 
2.9 was used for tensor fitting (data not shown).  
Diffusion MRI of the Frontal Cortex 
Wholebrain tractography and related procedures were successful for all available participants. Given 
that we were unable to detect MD changes for the corticospinal tracts, we opted to solely measure FA 
for tracts associated with the middle frontal gyrus. This is because MD arguably has lower 
interpretability and specificity when applied to major white-matter pathways, and a severe multiple-
comparisons penalty would be associated with collecting this measure. FA increased for tracts 
connecting the right middle frontal gyrus to (A) the right caudate nucleus in 17 of 22 participants (p 
< 0.05 FWE; median 1.78% increase), and (B) the right SMA in 18 of 22 participants (p<0.05 FWE; 
median 1.71% increase). These changes appeared to be driven mainly by numerical decreases in 
radial diffusivity (median change: Caudate, -0.86%, SMA, -0.99%), rather than increases in axial 
diffusivity (Caudate, 0.59%, SMA, 0.35%). No significant changes were found in the left hemisphere.   
 
Figure 23. Change in unadjusted FA in the right corticomotor tract, by bin. White and grey bars 
indicate FA before and after training, respectively. The leftmost bars represent the most superior bin 
sampled (motor cortex); the rightmost bars represent the most inferior bin sampled (brainstem). 
Error bars denote SEM. Differences between time points were statistically significant and did not 
differ by bin. Abbreviations: PLIC, posterior limb of the internal capsule; M1 primary motor cortex. 
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Discussion 
In this study, 23 right-handed participants practiced a finger-thumb opposition task with their left 
hand over a four-week period. Neuroimaging revealed a variety of brain changes throughout motor-
related areas in the right hemisphere. Previously, we reported reduced fMRI activation, increased 
TMS motor evoked potentials of the corticospinal tract, and suggested cortical thickness increases 
throughout the motor system, including the dlPFC. Here we found that FA increased significantly 
throughout the length of the right corticospinal tract (Figure 23). Investigation of the basal ganglia 
revealed a significant increase in FA (4.9%) and a trend toward decreased MD (-0.83%) of the right 
caudate nucleus, as well as significantly decreased MD in the left NAcc (-1.3%) and a trend toward 
decreased FA of the right NAcc (-3.2%). On the basis of these changes we investigated white-matter 
connections between the middle frontal gyrus (where cortical thickness changes were reported) and 
the caudate nucleus (Right hemisphere: FA increase in 77% of participants; Left hemisphere, not 
significant), and also with the SMA (Right hemisphere: FA increase in 82% of participants; Left 
hemisphere, not significant). Notably, changes found in all measures were unilateral – appearing 
solely in the right (‘trained’) hemisphere, with the exception of FA in the nucleus accumbens, which 
trended towards bilateral changes. Whether these unilateral changes are at odds with the bilateral 
behavioural improvements seen is explored later in this section. Combined with our findings from 
TMS, cortical thickness and fMRI, the present work provides compelling evidence that 
neuroplasticity associated with a specific motor learning task occurs throughout the motor system, 
and can be robustly measured using a multimodal approach.   
Sensorimotor Cortex 
Motor output from the brain predominantly originates from the sensorimotor cortex,258,259 and it was 
from the corticospinal tract that we saw an increase in FA, driven predominantly by changes in radial 
diffusivity. From the same dataset we previously reported changes in cortical thickness, fMRI maps, 
and TMS maps (Chapter 5). The locations of such changes are consistent with brain stimulation work 
in which areas responsible for motor output of the fingers have been mapped.234 
Although it is difficult to ascertain precisely what our previously reported changes in cortical 
thickness represent at a cellular level,94 they lend credence to the diffusion changes found, for which 
we can hypothesise a biological origin. The task practiced by our participants involved sustained, 
rapid, repetitive use of the digits of the non-dominant hand in a manner different from those expected 
for most daily activities. Given that myelination has previously been demonstrated to occur in 
response to electrical activity,170,240 and we can expect action potentials to traverse the entire length 
of the corticospinal tract, it is not unreasonable94 to surmise that an approximately uniform increase 
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in myelination could result from extensive practice of this task. Although we present this hypothesis 
tentatively, it is consistent with our observations of altered radial diffusivity, an approximately-
uniform change in FA across the tract length, as well as with the TMS measures we previously 
reported in these participants. Once the technique has sufficiently matured,260 myelin water imaging 
may provide a useful tool to confirm or refute plasticity of this kind in motor skill learning paradigms. 
Because of its role, it is likely that the FA changes we have seen in the corticospinal tract reflect the 
extensive practice of fine finger movements in general, and have not arisen because of the unique 
aspects of this particular sequence. In other words, while grey-matter and functional changes 
previously reported are likely to reflect sequence-specific learning, it is unlikely that the corticospinal 
tract changes reported here could  solely ‘encode’ and improve execution of the specific practiced 
sequence. This is a testable hypothesis that future studies could address. 
This study is the first to report tract-specific WM changes in response to motor skill learning, 
and the first study of its kind in which dMRI changes are supported by concurrent TMS changes. 
While we are cognisant of the work by Palmer et al,176 who performed another longitudinal study 
involving fMRI guided tractography, this work focussed on simple strength training rather than motor 
skill learning, and utilised an alternative approach to tractography seeding and categorisation that is 
possibly susceptible to cross-sulcal smoothing and other issues.249 Unlike the present study, changes 
in fMRI activation in the strength training study of Palmer et al. were also absent, as were changes in 
FA, which one might expect to be more sensitive than changes in MD for much of the corticospinal 
tract, given its large size and unbranching nature.  
Dorsolateral Prefrontal Cortex and Anterior Striatum 
The pre- and post-central gyri are known for their roles in subconscious motor output. By contrast, 
top-down control of motor output, for error-correction, is predominantly associated with activation 
of the dlPFC, in which we previously reported cortical thickness changes, and the caudate 
nucleus,215,216 in which we saw changes in microstructure. Functional MRI studies have also 
previously implicated the dlPFC and striatum as playing a key role in motor learning: fast learning of 
sequential motor tasks modulates activity in these areas.219 Inhibiting NMDA receptor currents in the 
striatum has also been shown to severely disrupt motor learning in mice, without disrupting pre-
existing motor behaviours or other forms of learning.261 There is also a growing body of evidence 
that the NAcc plays a role in goal-directed behaviours.252 
Anatomically, both the caudate nucleus and nucleus accumbens receive direct input from the 
dlPFC, suggesting that changes in the basal ganglia may have been driven by extensive utilisation of 
top-down motor-control networks, as may be expected when learning a task that requires a high 
137 
degree of coordination. This hypothesis is supported by our finding of increased FA in connections 
between the middle frontal gyrus and both the caudate nucleus and SMA, as may be expected from 
extensive excitation of these pathways. It is also supported by the fact that we did not see changes in 
the putamen, the other primary input area to the basal ganglia, whose input predominantly originates 
from more posterior motor areas that play a lower-order role in motor processes.216 
Generalisation to the Untrained Hand 
Improvements in task performance were seen for both sequences in both hands, despite only one 
sequence with the non-dominant hand being trained. Such cross-hemisphere generalisation is at odds 
with one smaller (n=6) previous study employing a similar learning task,221 but consistent with 
findings from several other motor studies utilising other tasks.238,239  Our fMRI analyses revealed that, 
after training, execution of the trained sequence with the left hand elicited reduced activation relative 
to the control sequence, bilaterally (Chapter 5). However, no changes in the left hemisphere were 
revealed by either structural or diffusion MRI. This discrepancy suggests that altered fMRI and 
behavioural measures of the ‘untrained’ side may reflect changes to the grey matter, such as LTP or 
altered neurite density, that were too subtle for changes in either measure. It may also reflect increased 
intercortical inhibition originating from the right hemisphere, though this seems at odds with the 
diminished relative activity reported in the right hemisphere. Techniques such as neurite orientation 
dispersion and density imaging,171 bilateral TMS, EEG, and fMRI tasks targeting the opposite hand 
may allow future techniques to shine light on this process. 
Strengths and Limitations 
The changes that we have indexed here are relatively subtle. This should be expected – a healthy 
person performs hundreds of learned complex tasks on a daily basis; the addition of a novel task may 
be expected to invoke changes that allow, or are represented by, circuit adaptation, but should not be 
expected to evoke large changes in brain structure. As practice-induced changes are expected to be 
subtle, caution must be taken in the analysis and interpretation of data to avoid type I errors.229 
One strength of the current study was overcoming and controlling for potential sources of 
error. First, tractography-based studies could conceivably be biased by inconsistent seeding distances 
from white/grey matter interface, or changes in diffusion metrics of voxels containing grey-matter 
near seeding locations. To eliminate the possibility that mean change in FA was due to a subset of 
voxels shifting the whole-tract mean, we binned the tract into sections and demonstrated that change 
did not significantly differ at any one location in the tract. This also ascertained that changes in FA 
did not simply index change in other fibres which cross the corticospinal tract near the cortical 
surface. Second, we controlled for variable diffusion tensor fitting by demonstrating a lack of change 
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in corticospinal tracts in the untrained hemisphere, and replicating results using an alternative tensor-
fitting algorithm. Finally, and critically, the changes reported were consistent with changes in TMS 
measures, and backed by increases in skill performance, cortical thickness changes, and altered fMRI 
activation in the sensorimotor cortex and superior parietal lobule (Chapter 5). 
It is reasonable to assert that the two primary sources of error for ROI-based dMRI analyses 
are variability in the tensor fitting algorithm and variability in ROI placement. As ROIs were 
generated on single-participant templates it is unlikely that a bias in their placement took place. 
Results were also similar when alternative packages were used to generate our ROIs or fit the 
diffusion tensors.  
The pattern of subtle brain changes seen, taken in context of our functional findings, suggests 
that motor learning involves structural brain changes. It should be noted, however, that our study 
lacked a second follow-up time point, and so it is ambiguous as to whether our detected changes 
reflect semi-permanent changes that accompany ability improvement, or whether they are a side 
effect of microstructural (e.g. vascular, dendritic) change that subsides once performance 
improvement reaches a plateau. Similarly, further studies are required to determine whether white 
matter changes such as these take place in response to the first few hours of training, or progressively 
over the longer training period. 
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Conclusion 
In response to unilateral motor-coordination training, diffusion MRI revealed changes in the anterior 
striatum and white matter connections between this region and the right (‘trained’) middle frontal 
gyrus. FA of white matter connecting the right frontal gyrus and right SMA also appeared to improve. 
Finally, FA increased throughout the length of the right corticospinal tract. These changes were 
consistent with concurrently recorded changes in fMRI, TMS, cortical thickness, and performance 
improvements outlined in detail in a separate paper. These results imply that, while some areas may 
be critical for driving motor learning, this process evokes widespread functional, structural, and 
microstructural changes across the motor system, and that effective motor rehabilitation schemes may 
be able to achieve widespread brain changes without necessarily needing to target specific aspects of 
motor processing individually. 
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Supplementary Materials 
Tract Based Spatial Statistics  
Method 
Preprocessed diffusion MRI data (see Main Text) were utilised from 22 participants. Fractional 
anisotropy (FA) and mean diffusivity (MD) maps were calculated using MRTrix 2.9. A whole-brain 
analysis using the standard tract-based spatial statistics (TBSS) pipeline262 was conducted. A paired 
analysis was achieved by subtracting the post-training timepoint from the baseline time-point after 
registration to the template, and conducting a one-sample T-test with threshold-free cluster 
enhancement using FSL ‘randomise’.263 An exploratory re-analysis using a recently introduced 
ANTS-Syn based voxel-based analysis method264 was also conducted. This method may be less prone 
to type-I errors than TBSS by utilising single-participant templates and ANTS registration with a 
white-matter mask rather than a skeletonisation procedure.264 This was conducted in accordance with 
the procedures and parameters detailed by Schwarz et al.264 
Results 
After correction for multiple comparisons, the ANTS-based analysis revealed only a 4-voxel cluster 
in the external capsule bordering the putamen. For the TBSS analysis, no voxels showed significant 
change (p<0.05) after controlling for multiple comparisons. In light of our TMS and tractography 
findings, we reduced the multiple-comparison threshold of the TBSS analysis to p<0.15 FWE to 
search for any patterns of change. In this exploratory analysis, a large number of voxels reached 
threshold in the frontal lobes bilaterally, throughout the presumed right corticomotor tracts, the right 
and left thalamus, and some areas of the corpus callosum (Supplementary Figure 5). 
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Supplementary Figure 5. Training-related changes in white matter. ‘Significant’ voxels in the 
exploratory TBSS analysis (Red) in which the statistical threshold was relaxed to p<0.15 FWE, 
overlaid with the mean FA image. Voxels consistent with the locations of the right corticomotor tracts, 
corpus callosum connecting the sensorimotor cortices, bilateral thalamus, and both frontal lobes 
exceeded this threshold. The top image shows a coronal slice at the level of the line on bottom (axial) 
image. Right of the image is right of the brain. Voxels did not exceed this threshold in the corticomotor 
tracts of the ‘untrained’ hemisphere.
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Chapter 7  
Measuring Neuroplasticity in the Mitii 
Cerebral Palsy Rehabilitation Trial 
This chapter consists of unpublished work in which the fMRI-guided tractography method 
introduced in Chapter 3 was applied to neuroimaging data from the ‘Move It To Improve It’ 
(Mitii™) virtual reality therapy clinical trial.13 Although the trial provided limited 
improvement in outcome measures for the impaired limb, this neuroimaging analysis 
demonstrates the feasibility of conducting longitudinal analyses of brain structure in children 
with this condition. The present analysis also suggests that a concern when conducting such 
studies is data quality (e.g. due to compliance issues during scanning), rather than processing 
issues associated with the fMRI-guided tractography pipeline. These findings lead to a more 
rigorous investigation into factors affecting power in Chapter 8 in the hopes that such an 
investigation could reduce barriers to similar future studies involving people with brain injury. 
Data acquisition was conducted by Prof. Boyd’s group, of which I was a part. Analyses 
for this section have been designed, conducted, interpreted, and written by myself. In addition 
to Prof Boyd’s team, Professors Rose and Cunnington played roles in planning different aspects 
of the Mitii trial. All three reviewed and edited this chapter. 
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Introduction 
As discussed in Chapter 2, by understanding how present therapy induces neurological changes in 
children with brain injuries, rehabilitative therapies may be able to be adjusted or designed to provide 
better outcomes. Chapter 5 and Chapter 6 described neuroplasticity findings in healthy adults who 
had undergone motor training. Changes were widespread, and particularly prevalent in white matter 
pathways, as indexed using diffusion MRI tractography and TMS. Such findings hold particular 
promise for neurorehabilitation in CP, because approximately 43% of children with this condition 
present with white matter lesions.7 Regarding the measurement of white matter plasticity, although 
TMS can induce headaches in children with UCP (Chapter 2), diffusion MRI is a painless and safe 
procedure, for which the method described in Chapter 4 has been demonstrated to work well in the 
presence of pathology.  
This brief chapter reports on the measurement of neuroplasticity in children with UCP 
undergoing rehabilitative therapy using the surface-based fMRI-seeded tractography method. 
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Methods 
This work described in this chapter aimed to measure the presence of any FA changes in the 
corticomotor tracts for children with UCP who had undergone rehabilitative therapy. Imaging and 
clinical data were acquired as part of the Move it to improve it (Mitii™) Clinical Trial.13 The details 
of this trial are published elsewhere.13 Briefly, children with UCP were provided with home-based, 
self-driven, virtual-reality based therapy developed and owned by the Eslass Foundation, Denmark. 
This therapy consisted of video games that could be played via natural bodily movements that were 
tracked by a computer camera (Figure 24). Games targeted a variety of cognitive and motor skills, 
and the difficulty could be adjusted remotely by clinicians to suit the needs of each participant. The 
target therapy time was at least 30min a day, for 6 days per week, over 20 weeks (60 hours of therapy). 
Children were assigned to Mitii therapy during the first 20 weeks of the trial, or during the second 20 
weeks of the trial. Children received standard care throughout the trial. For the present analysis, 
imaging data acquired at two time points were used to assess longitudinal brain changes in each child. 
Children with adequate quality MRI scans before and after Mitii therapy were labelled as the 
treatment group. For this group, baseline and follow-up scans referred to the pre- and post-treatment 
scans, respectively. Those remaining children who had two adequate quality pre-treatment scans were 
 
Figure 24. The Mitii system in action. Top: Demonstrators moving their hands to play games. In the 
version of Mitii used in the present work, a normal web camera was used and green bands were worn 
on the children’s upper limbs to aid tracking. Bottom Left: Screenshots from a game in which both 
hands must be used to pick up matching images of fish. Bottom Right: Game in which the hand must 
be repeatedly moved up and down in to inflate a balloon. Images used with permission from Mitii 
Development and the Elsass Foundation. 
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labelled as belonging to the control group. For this group, baseline and follow-up scans referred to 
first and second pre-treatment scans, respectively. 
Children were assessed clinically with a variety of tools at both time points. The present 
analysis focusses on three related measures of upper-limb motor function: the MUUL (Melbourne 
Unilateral Upper Limb Assessment), AHA (Assisting Hand Assessment), and motor component of 
the AMPS (Assessment of Motor and Processing Skills). The MUUL assessment provides insight 
into movement range, accuracy, dexterity and fluency of the more-impaired upper limb with 
particular focus on reaching, grasping, releasing, and manipulating simple objects. The AHA 
measures how effectively the more-impaired hand and arm are used in bimanual performance. The 
AMPS is designed to evaluate a person’s quality of performance in personal or instrumental activities 
of daily living, using tasks prioritised by the individual. 
The surface-based fMRI-seeded tractography method described in Chapter 4 was used to 
elucidate whether any improvements in clinical measures after Mitii therapy were reflected in 
microstructure changes of the corticospinal tract, as previously seen in healthy adults after motor 
learning (Chapter 6). Functional, structural, and diffusion MRI parameters, tasks, and related analysis 
methods, have been previously described in Chapter 4. As in Chapter 6, binarised fMRI maps (hand 
tapping task; p<0.05 FWE) from each time point were combined for each participant to provide a 
seeding region for tractography. Tractography at each time point was conducted using the same 
structural mesh and seeding region, transformed into native diffusion MRI space, as previously 
described. As MRTrix 3 had not yet been released at the time of analysis, MRTrix 2.9 was used for 
FA calculation. Although absolute differences between these versions are noticeable, results 
described in Chapter 6 revealed that longitudinal differences are largely unaffected by the version of 
MRTrix used, so long as the same version is used at each time point. 
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Results 
Sixty-six children underwent MR scanning during the trial. Of these, 25 participants were not scanned 
at two sequential time points, 12 displayed excessive motion artefacts on diffusion and/or fMRI 
images, and mesh generation failed for 2, leaving datasets from 27 children. Of these, 13 and 14 
children were assigned to control and treatment groups, respectively. Clinical data for each group are 
shown in Table 10. At baseline, the control and treatment groups displayed similar clinical 
assessments for the Gross Motor Function Classification System (GMFCS), the Manual Abilities 
Classification System (MACS), MUUL, and AHA. MUUL assessments were not able to be collected 
at both time points for three children in each group. 
At follow-up, clinical improvements in the treatment group were not significantly greater than 
improvements seen in the control group for MUUL and AHA assessments (one-tailed Bonferroni 
corrected t-test p>0.05; Figure 25). The motor component scores of AMPS (Assessment of Motor 
and Processing Skills) did increase to a greater degree in the treatment group than the control group 
(0.40 vs -0.10 on a 4-point scale; p<0.01). Although the increase seen in the treatment group meets 
the criteria for clinical significance (>0.30 logits),265 baseline scores for this measurement were 
significantly lower in the treatment group at baseline (treatment 1.16 vs control 1.45; p<0.05), making 
the direct comparison of these improvements difficult to assess. To achieve a more valid comparison, 
three participants were removed from each group: those with the highest baseline AMPS from the 
control group, and those with the lowest baseline AMPS from the treatment group. Resulting mean 
baseline AMPS scores were 1.33 and 1.32 for the control and treatment groups respectively (p=0.92). 
 Control Treatment Difference 
n 13 14 N/A 
Age 12.34 ± 2.86 11.67 ± 2.16 p=0.50 
Male 5 5 N/A 
GMFCS I, II 8, 5 8, 6 N/A 
MACS I, II 3, 10 4, 10 N/A 
MUUL 108.5 ±14.3 110 ± 13.5 p=0.83 
AHA 69.2 ± 9.2 71.9 ± 11.7 p=0.50 
AMPS 1.45 ± 0.32 1.16 ± 0.39 p<0.05 
Table 10. Baseline characteristics of control and treatment groups. The ± symbol indicates mean ± 
standard deviation; integers represent participant counts. The difference column indicates whether 
the population means differed between groups, as assessed by uncorrected t-tests. Abbreviations: 
AHA, Assisting Hand Assessment; AMPS, Assessment of Motor and Processing Skills; GMFCS, 
Gross Motor Function Classification System; MACS, Manual Abilities Classification System; MUUL, 
Melbourne Unilateral Upper Limb Assessment; N/A, Not Applicable. 
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In this subanalysis, positive improvement was still statistically significantly higher in the treatment 
group (p<0.01), but fell slightly below clinical significance (mean improvement 0.29 logits). 
Mean FA and mean MD of the corticospinal tract did not change in either hemisphere for 
either group (one-tailed paired t-tests; all p>0.05 uncorrected; Figure 25), and did not change more 
in the treatment group than control group for either hemisphere (one-tailed paired t-tests for FA 
increase or MD decrease; all p>0.05 uncorrected).   
 
Figure 25. Change in clinical scores and diffusion statistics of the corticospinal tracts in children 
with CP after 20 weeks. Children who received Mitii rehabilitation therapy are shown in red; children 
who received standard care are shown in blue. Dots indicate outliers, as defined by Tukey.294 Top: 
Significant improvements in clinical scores after Mitii therapy were seen only for AMPS. Bottom: 
Significant changes were not seen in mean FA or mean MD of the corticospinal tracts of either 
hemisphere. Abbreviations: Able Hem., Able (less affected) hemisphere; AHA, Assisting Hand 
Assessment; AMPS, Assessment of Motor and Processing Skills; Impaired Hem., (more affected) 
Hemisphere; FA, fractional anisotropy of the corticospinal tract; MD, mean diffusivity of the 
corticospinal tract; MUUL, Melbourne Unilateral Upper Limb Assessment. 
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Discussion 
This chapter describes an attempt to measure changes in the microstructure of the corticospinal tracts 
in children with UCP enrolled in the Mitii clinical trial. The treatment group did not display 
significantly greater changes in FA nor MD within either corticospinal tract. As discussed in Chapter 
3, the most important contextual information for the measurement of brain change is the degree of 
behavioural improvement. With this in mind, the lack of white matter changes is expected, given a 
lack of improvement in the more direct measures of motor ability for the upper limb (MUUL and 
AHA). Although the treatment group showed relatively larger improvement in the AMPS scores, 
when groups were made equivalent with respect to baseline scores, the mean change in the treatment 
group (0.29 logits on a 4-point Likert scale) was marginally below threshold for clinically relevant 
improvement (> 0.3 logits).  
It is important to note that the lack of clinical improvement reported here was not due to biased 
participant selection – for example, clinical improvement correlating with behavioural issues during 
scanning. Concretely, the trial as a whole (n=92 children after attrition) reported no clinically 
significant differences between groups for any measure of impaired upper limb function.14 It was 
suggested that the potential efficacy of Mitii therapy for upper limb function may have been limited 
by the enrolment of children with relatively high motor function, and also by the treatment’s lack of 
grasping or object manipulation tasks.14 The mean dose of therapy received (32.4 hours) was also 
around half the target dose of 60 hours, which may have also played a role. 
A compounding issue for the work presented here is statistical power. No published power 
analysis for neuroimaging measures in such a context was available during data collection nor data 
analysis. Subsequently conducted analyses, presented in Chapter 8, found that the present analysis 
was underpowered to detect small brain changes, even if moderate behavioural improvements were 
demonstrated in response to therapy. 
Although it is important to demonstrate that diffusion measures will not demonstrate change 
when there is little-to-no clinical improvement, this overall result unfortunately provides little insight 
into the neuroplasticity associated with effective neurorehabilitation. Although the present work was 
limited to data from the Mitii trial, moderate-to-strong behavioural evidence exists for the 
effectiveness of more standard therapies, such as mCIMT and BIM (see Chapter 2).12 This suggests 
that clinical trials of these methods may be more suitable for investigating brain changes associated 
with clinical improvement. Neuroimaging can be expensive, and so it is important that researchers 
have a clear understanding of the power and practical limitations of the method in question. With 
regards to the fMRI-guided tractography method introduced in this thesis, the previous chapters 
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demonstrated correlations between clinical scores and diffusion metrics, and the ability to detect brain 
changes when abilities improve. The present chapter has demonstrated the feasibility of conducting 
a longitudinal study in children with CP. The final important barrier to investigation of intervention-
induced neuroplasticity in individuals with CP is understanding the statistical power of this method, 
and how to maximise it. The present work suggests that two major sources of power loss may be 
cancelled scans (attrition) or compliance issues when scanning, rather than issues with data 
processing. To better quantify the influence of such issues, and to make strong recommendations for 
future trials, a more rigorous investigation into this methods’ power, and factors which influence it, 
is covered in the following chapter. 
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Chapter 8  
Measuring Neuroplasticity Associated with 
Cerebral Palsy Rehabilitation: An MRI based 
Power Analysis 
This chapter consists of the paper Measuring Neuroplasticity Associated with Cerebral Palsy 
Rehabilitation: An MRI based Power Analysis. This chapter has been accepted for publication in the 
International Journal of Developmental Neuroscience. This paper aims to further reduce the barriers 
to measuring neuroplasticity in a rehabilitative context by calculating required enrolment sizes for a 
two-time-point randomized controlled trial. Specifically, this paper reports the number of children 
with unilateral cerebral palsy required to detect increases in cortical thickness, FA of the corticospinal 
tract using standard tractography, and FA of the corticospinal tract using the method described in 
Chapter 4.  
With relevance to this thesis, this chapter formally addresses Aim 4: to utilise the information 
above to perform a power analysis that can be used to plan neuro-rehabilitative studies in children 
with cerebral palsy. This analysis makes a number of recommendations allowing study designs to 
minimise resource wastage and ensure adequate enrolment numbers, such that studies can reasonably 
expect to be able to ascertain the efficacy of their chosen treatment strategy with regards to inducing 
brain changes. In addition, by calculating the test-retest reliabilities of the novel fMRI-guided 
tractography method and standard ROI-seeded tractography, this chapter completes requirements of 
Aim 2: address the need for algorithms that can reliably detect subtle structural brain changes and 
that perform well in the presence of pathology. This chapter demonstrates that the fMRI-driven 
diffusion method is markedly more reliable in cohorts with pathology than ROI-based tractography. 
As joint-first author on this publication, I conducted all diffusion analyses, and generated the 
single-participant templates relied upon for cortical thickness measures. I wrote the large majority of 
the manuscript and interpreted the results to generate the practical recommendations that are made in 
the paper. Alex Pagnozzi, the co-author, was responsible for calculating cortical thickness using the 
provided templates, converting calculated variances into power-curves and required enrolment 
counts. Mr Pagnozzi and I both conceived of the factors and levels of analyses which were to be taken 
into account and reported. Dr Fiori manually defined our brain regions of interest. All authors 
reviewed the manuscript and contributed academically during the editing process.
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Abstract 
Researchers in the field of child neurology are increasingly looking to supplement clinical trials of 
motor rehabilitation with neuroimaging in order to better understand the relationship between 
behavioural training, brain changes, and clinical improvements. Randomised controlled trials are 
typically accompanied by sample size calculations to detect clinical improvements but, despite the 
large cost of neuroimaging, not equivalent calculations for concurrently acquired neuroimaging 
measures of changes in response to intervention. To aid in this regard, a power analysis was conducted 
for two measures of brain changes that may be indexed in a trial of rehabilitative therapy for cerebral 
palsy: cortical thickness of the impaired primary sensorimotor cortex, and fractional anisotropy of the 
impaired delineated corticospinal tract. Power for measuring fractional anisotropy was assessed for 
both region-of-interest-seeded and fMRI-seeded diffusion tractography. Taking into account practical 
limitations, as well as data loss due to behavioural and image-processing issues, estimated required 
participant numbers were 101, 128 and 59 for cortical thickness, region-of-interest-based 
tractography, and fMRI-seeded tractography, respectively. These numbers are not adjusted for study 
attrition. Although these participant numbers may be out of reach of many trials, several options are 
available to improve statistical power, including careful preparation of participants for scanning using 
mock simulators, careful consideration of image processing options, and enrolment of as 
homogeneous a cohort as possible. This work suggests that smaller and moderate sized studies give 
genuine consideration to harmonising scanning protocols between groups to allow the pooling of 
data. 
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Highlights  
 Power analysis for imaging-measures of neuroplasticity in cerebral palsy 
 Details enrolment numbers needed to detect changes in structural and diffusion MRI 
 A range of assumptions tested, including differences in treatment response 
 Recommendations made for studies with under 100 participants for improving power 
155 
 
Introduction 
Motor rehabilitation for children with cerebral palsy (CP) is currently hampered by our lack of 
understanding of how the brain responds to rehabilitative therapy at microscopic and macroscopic 
scales.103 Researchers are increasingly looking to quantify brain reorganisation in clinical trials of 
motor rehabilitation in order to better understand the relationship between behavioural training, brain 
changes, and clinical improvements, and/or to index subtle changes which may not be reflected in 
clinical assessments.13 This information may ultimately inform rehabilitation, for example by 
elucidating factors that interfere with motor learning, such as maladaptive plasticity, or disrupted 
network deficits that prevent neuroplastic changes 103. 
MRI data can be analysed in a variety of ways to acquire metrics of brain changes, including 
changes in cortical thickness, and changes in diffusion metrics of white matter.103 Cortical thickness 
is a structural measure related to several neurophysiological changes, including variations in 
neuronal, glial and synaptic density.94 This measure has been used to quantify structural changes 
related to plasticity in animal studies,166 and correlated with cognitive performance in several human 
studies.266–268 Diffusion MRI is typically used to investigate white-matter microstructure, and metrics 
such as fractional anisotropy (FA) applied to the corticospinal tract have been found to correlate with 
a number of clinical scores in CP.103,179 A small number of longitudinal studies have demonstrated 
that motor training can induce changes in cortical thickness and diffusion metrics in animals166 and 
in adults who do not have CP.80,237 Speech therapy has also been demonstrated to alter cortical 
thickness of the left posterior superior temporal gyrus in children with children with CP.269 
Power analyses are relied on to plan clinical-trial enrolment numbers, but are usually based 
on expected behavioural improvements, rather than secondary image-derived measures of 
neuroplasticity potentially conducted as part of these trials. Clinical trials based on behavioural 
changes alone may be underpowered for detecting changes with neuroimaging, because 
neuroimaging and clinical changes may have substantially different effect sizes and variance. 
Underpowered trials are wasteful in terms of time and resources but, to the best of the authors’ 
knowledge, no literature is readily available for ensuring rehabilitative trials are sufficiently powered 
with respect to neuroimaging. The present work aims to address this gap by providing participant 
numbers required to detect secondary-outcome changes in both cortical thickness and tractography-
derived diffusion metrics in white matter, which may occur as a result of primary therapeutic 
intervention. Required n values for a variety of effect sizes are presented. These effect sizes are based 
on published literature and brain changes measured in a longitudinal motor-learning study of healthy 
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adults.270,271 Population-appropriate variances were calculated by applying methods from this study 
to images from children with unilateral CP. This work pertains specifically to studies wishing to 
detect the amplitude of structural and/or microstructural measures in specific motor-related regions. 
It should be noted that alternative analysis methods which investigate the ‘typicality’ of imaging 
findings,272,273 originally developed for functional MRI analyses, have distinctly different form of 
hypothesis to most randomised controlled trials of neurorehabilitation, and so are considered out of 
scope for the present manuscript.  
Methods 
Participant numbers were calculated for a theoretical longitudinal study in which MR imaging took 
place immediately prior to, and immediately following, several weeks or months of treatment. It was 
assumed that such a study would utilise a paired parametric test (e.g. t-test) for differences in cortical 
thickness, or differences in FA of the delineated corticospinal tract using ROI-seeded or functional 
MRI (fMRI) seeded diffusion tractography. The general power analysis equation is described below 
before the description of values and sources of its parameters for each imaging metric.  
Statistical Analyses 
The power analyses were performed using the ‘pwr’ package in R statistical software.274 This test 
computes the sample size required to achieve a certain statistical power threshold (which is defined 
as one minus probability of a false negative finding), of a one-sided, paired t-test for a predefined 
effect size. Statistical power was varied between three thresholds; 0.8, 0.9 and 0.95, which represent 
a 20%, 10% and 5% chance of a false negative finding, respectively. A standard alpha value of 0.05 
was used for all analyses. The longitudinal effect size for the power analysis was computed using the 
Cohen’s d formula as follows: 
𝑒𝑓𝑓𝑒𝑐𝑡 𝑠𝑖𝑧𝑒 =  
𝜇𝑝𝑜𝑠𝑡 − 𝜇𝑝𝑟𝑒
𝑠𝑞𝑟𝑡(𝜎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡
2 + 𝜎𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒2 )
 
where 𝜇𝑝𝑟𝑒 and 𝜇𝑝𝑜𝑠𝑡 are the mean MRI measures from pre-treatment and post-treatment time points 
respectively. The variations of this formula includes two sources of variance; the measurement error 
(𝜎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡) and the variance in the longitudinal response to therapy (𝜎𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒). Variance in 
response to treatment was set at 10% of the mean change, based on the variance in behavioural 
improvements reported in rehabilitative trials for CP.275,276 These measurement and response to 
therapy variances are provided in Supplementary Table 1, while participant numbers for 5% and 15% 
variances in response are provided in Supplementary Figure 8. Therefore, assuming a null hypothesis 
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of no longitudinal change (𝜇0 = 0), the calculation of the sample size 𝑛 using the software package 
can be approximated with the following equation: 
𝑛 =  
(𝑧
1−
𝛼
2
+ 𝑧1−𝛽)
2
𝑒𝑓𝑓𝑒𝑐𝑡 𝑠𝑖𝑧𝑒2
 
where 𝑧1−𝛼
2
 represents a standardised z-distribution of the test statistic at the 𝛼 = 0.05 cut-off for 
significance, and 𝑧1−𝛽 represents the same standardised distribution at the (1 − 𝛽) power threshold 
.277 For each imaging modality, mean change in MRI measures and measurement error were based 
on quantitative data, as described below. 
Cortical Thickness 
Power was calculated for a hypothetical analysis that measured change in cortical thickness in the 
primary sensorimotor cortex of the impaired hemisphere. An ROI-based approach was assumed, as 
altered neural development in CP can invalidate assumptions of structure-function homogeneity 
across the cohort or hamper the accurate registration of anatomy, which would affect approaches such 
as voxel-based morphometry. A variety of expected cortical thickness increases were explored; these 
were based on published studies166,278,279 of this cortical thickness in different circumstances (Table 
CT change Notes 
6% Realistic/safe estimate for current therapies. 
 
At least one successful study of motor training in healthy adults detected subtle 
and/or highly localised CT changes which may be difficult to detect with ROI 
based methods.271 Measurement errors of approximately 4% have also been 
reported in Freesurfer-based longitudinal studies, implying that CT changes near 
this number are likely to be difficult to detect with realistic cohort sizes.284 
8% Balanced estimate for effective therapy over 6-month time frame. 
10% Optimistic data-driven estimate (extremely effective therapy). 
 
This change in CT has been observed in rats that underwent 1 month of motor 
training.166 
12% Heavily optimistic estimate (extremely effective therapy). 
 
This change in CT has been observed between the injured and uninjured 
hemispheres in a cross-sectional cohort of children with CP.279 This difference 
reflects recovery of these participants’ entire 7-16 years of life, which can be 
considered as an upper limit one can expect from several months of therapy. 
Table 11. The four effect sizes used for the power calculation. The authors’ opinions are provided on 
how realistic each effect size is for a randomised controlled trial of present rehabilitative therapy. 
Abbreviations: CT, cortical thickness; ROI, region of interest 
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11). Based on this literature, an increase of 8% was considered to be a balanced estimate of change 
for effective therapies conducted over a 6-month time frame (See Table 11).  
An outline of the cortical thickness pipeline is shown in Figure 26, and is described in detail 
below. An estimate of variance due to measurement error was obtained from five children with 
unilateral cerebral palsy (4 male; mean age 13.2y; age-range 9 – 15.8y; 4 GMFCS II; 1 GMFCS I; 3 
right-sided hemiplegia), enrolled in the control arm of the Mitii clinical trial.13 The pathology present 
in this cohort was fairly homogeneous with respect to injury type and location (Supplementary Figure 
6). These children underwent two MRI scans 20 weeks apart. As no intervention took place between 
these two scans, differences in measures of cortical thickness between the two scans is indicative of 
measurement error. This data is referred to herein as the ‘UCP-dataset’.  Ethics approval for the 
aforementioned trial was granted by the University of Queensland Human Research Ethics 
Committee and the Royal Children’s Hospital Brisbane. Written informed consent was obtained from 
each participant’s legal guardian.  
Cortical thickness analyses utilised T1 MPR volumes (TR/TE: 1900/2.32ms; 0.9mm 
isotropic; Siemens Tim Trio 3T) that underwent N4 bias field correction,280 intensity normalisation 
and skull stripping. For longitudinal analyses, it is important to utilise a structural template for each 
participant that is unbiased to either pre- or post-treatment images, as labelling cortical regions on 
each image directly can result in uneven deformations or inconsistent labelling. Inconsistencies of 
this nature can produce false positive results and lower statistical power.229 Here, structural templates 
were constructed for each participant by first rigidly registering scans from each time point together 
using Advanced Normalization Tools (ANTs; v2.1.0, source pulled 9th Feb 2016) SyN (symmetric) 
transformation.230 An unbiased mid-point of these two time points was then produced by transforming 
both images by half of the resulting transformations, and then averaging them together (Figure 26). 
This template was then converted to sharper, final template using the 
‘antsMultivariateTemplateConstruction’ script. 
The accuracy of the brain mask around the cortical motor regions was carefully inspected, as 
both the under-segmentation of the grey matter or the erroneous inclusion of dura would affect 
cortical thickness measures. Tissue segmentation was performed on this structural template using a 
patch based segmentation approach.250 The obtained tissue segmentations were transformed back to 
each time point’s image space using the inverse transformations obtained from the single-participant 
template construction. Cortical thickness was obtained for each time point using a voxel-based 
Laplacian approach,281 which has been previously demonstrated on children with CP. Cortical regions 
corresponding to motor function, including the pre- and post-central gyri, supplementary motor area 
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and the superior parietal lobe, were each manually delineated on the single participant template by a 
paediatric neurologist (S.F.). The inverse transformations were again used to transform these masks 
to time-point-1 and time-point-2 image spaces, allowing cortical thickness measures in the cortical 
motor regions to be isolated at each time point. 
Diffusion MRI Tractography 
Power was also calculated for a hypothetical analysis that measured change in average FA values 
across the whole delineated corticospinal tract in each hemisphere after intervention. Participant 
numbers were independently calculated to achieve an 80% power of detecting a significant difference 
 
Figure 26. An illustration of the cortical thickness pipeline used to estimate the effect size for the 
power analysis. Images from both time points are combined into a single-participant image. Tissue 
segmentation and manual definition of regions of interest (ROIs) are performed on this image, then 
propagated back to each time point. Cortical thickness is then estimated for each time point. This 
method reduces the influence of tissue segmentation or ROI definition inconsistencies on final results. 
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with training for two versions of such an analysis: ROI-seeded tractography and surface-fMRI-seeded 
tractography.  
Due to the dearth of literature reporting diffusion changes observed in children with CP 
undergoing longitudinal therapy, the amounts of expected longitudinal change were based on a 
healthy adult (‘HA’) dataset from a recent study, in which 24 healthy adults practiced a novel fine-
motor task with their non-dominant hand for ten minutes a day for four weeks.270 This study found 
substantial improvements in task performance that were accompanied by changes in functional MRI, 
cortical thickness (voxel-based analysis), TMS maps and the delineated corticospinal tract FA in the 
‘trained’ hemisphere. Importantly, in this study, both ROI seeded tractography and surface-fMRI 
seeded tractography were conducted. To ascertain the impact choice of methodology on required 
participant numbers, both methods were tested for FA changes between 1% and 3%: values reported 
in the aforementioned study (Table 12). Note that although these changes were not based on children 
with UCP, and so the effect of rehabilitative therapy may differ, this range of FA values represents a 
wide scope from realistic to heavily optimistic effects of therapy. The use of the HA dataset was 
FA 
change 
ROI-seeded tractography fMRI-seeded tractography 
1% Optimistic data driven estimate for very 
effective therapy. 
 
Such change has been demonstrated in 
healthy adults who mastered a unilateral 
motor task.270 Unlike adults, the presence 
of pathology makes it less likely that 
sulcal boundaries are functional 
boundaries in children with CP. 
Realistic/safe estimate for current 
therapies. 
1.5% Optimistic data-driven estimate 
(extremely effective therapy). 
Balanced estimate for effective therapy 
over a 6-month time frame. 
2% Heavily optimistic estimate (extremely 
effective therapy). 
Optimistic estimate for very effective 
therapy. 
3% Unrealistic estimate for present therapies. Heavily optimistic estimate for very 
effective therapy.  
 
Such change has been demonstrated in 
healthy adults who mastered a unilateral 
motor task.270 Behavioural improvements 
and anatomical homogeneity in this study 
were greater is typically reported in trials 
of CP therapy. 
Table 12. Effect sizes for fractional anisotropy change used in this power analysis. The authors’ 
opinions are provided on how realistic each effect size is for a randomised controlled trial of present 
rehabilitative therapy; see text for details. 
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within the bounds of an approval originally granted by the University of Queensland Human Research 
Ethics Committee, for which participants gave written informed consent. 
 To ascertain measurement error associated with each of these methods, both 
approaches were conducted on the UCP-dataset. For both methods, FA was sampled from the 
generated tracts, and the average across the whole tract taken. Mean measurements from the second 
time point were then subtracted from those of the first time point and the variance of these differences 
computed. 
ROI-seeded tractography 
To calculate FA measurement error, ROI-seeded tractography was performed on the UCP-dataset 
using manually defined ROIs corresponding to the primary motor cortex. Acquired during each scan-
session was a 64-direction high-angular resolution diffusion image sequence with b=3000s/mm2, one 
b = 0 image, whole brain coverage, and 2.34 x 2.34 x 2.5mm spatial resolution. A relatively standard 
HARDI dMRI pipeline was used that has been published in detail elsewhere.58,190 In brief, this 
pipeline included extensive pre-processing of dMRI data, and utilised MRTrix 3 
(https://github.com/MRtrix3/mrtrix3)180 to estimate fibre orientation distributions via constrained 
spherical deconvolution.  
For each dataset, registration between the previously generated single-participant T1 template 
and diffusion b0 diffusion image was calculated with FSL FLIRT using boundary-based 
registration.186 The inverse of this transform allowed the expert-drawn M1 labels (see above) to be 
projected into diffusion space. MRTrix3 was used to generate 20,000 corticospinal streamlines 
passing from each M1 label, through the posterior limb, to the brain stem. Constraining these tracts 
required 2D axial labels of the brainstem and posterior-limb of the internal capsule. These were 
delineated manually (L.B.R.) on up-sampled track-density images for each dataset using ITK-
SNAP.191 
With respect to degree of FA change, in the HA dataset, atlas-based ROI-seeded tractography 
of the delineated corticospinal tract reported a mean FA change slightly below 1%. Although the 
authors consider it optimistic to detect the same level of change in a CP rehabilitative study, testing 
for lower levels of change was not conducted as substantially smaller changes are difficult to interpret. 
Surface-fMRI seeded tractography 
Functional MRI provides an alternative to using structural ROIs to seed tractography. With fMRI 
seeded tractography, an fMRI analysis is conducted to identify motor regions, and the resulting 
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activation used as the seed region of interest. A surface-based fMRI+tractography approach was 
selected, as this has been demonstrated to delineate the corticospinal tract in children with UCP in a 
more clinically-informative manner than a naïve fMRI-seeding approach.249 This approach was also 
found to be more robust to the presence of severe pathology, including cases where ROI methods can 
be expected to fail.249 
To calculate measurement error in a UCP population, surface-based fMRI tractography was 
conducted on the UCP dataset. During each scan session, two block-design task-based fMRI scans 
were collected, each consisting of 90 echo planar images (TR/TE 3000/30ms; 3mm isotropic; full 
brain coverage; online distortion correction using point-spread function mapping). Each scan 
consisted of nine 30-second blocks, alternating between ‘stop’ and ‘move’ conditions. Participants 
were instructed to tap their hand, by full extension at the wrist, in time with this cue in the ‘move’ 
condition, and to remain still during the ‘stop’ condition. A visual cue consisting of the words ‘move’ 
or ‘stop’ was visible at all times, in addition to an auditory click that was delivered at 1 Hz. 
Participants utilised their more able hand during the first scan, and their less able hand during the 
second scan. The long block lengths and simple task used were aimed at reducing the influence of 
various biological factors associated with cerebral palsy.181 It should be stressed that functional data 
were used to seed tractography only and were neither designed nor intended to be directly interpreted. 
Surfaces were generated from each single-participant template (Figure 27). Each fMRI-
session was analysed individually in surface space, using methods and parameters described 
previously.249 This included 5mm of surface-smoothing, and motion scrubbing where frame-wise 
displacement165 exceeded 0.9mm. Contrast was set as move > stop, and statistical significance was 
set at p<0.05 after family-wise error correction. Manual filtering of significant activation was then 
carried out, as described previously,249 to retain only the largest ROI near the hand-knob on the right 
S1M1. For each participant, identical seeding region for each time-points’ tractography was generated 
by performing a union of regions of significant activation from each time-point. This seeding region 
was expanded such that total seeding area was at least 200mm2 in participants who displayed 
significant fMRI activation, but whose total seeding area would otherwise be below this size. 
Tractography from this seeding region was performed using established methods,249 including use of 
cluster-based filtering to restrict analysis to the delineated corticospinal tracks.  
With respect to estimated FA change, the aforementioned neuroplasticity motor-training study 
reported FA change, elucidated with this surface-based fMRI approach, of 3.28%. Because 
rehabilitation trials in CP typically report lower degrees of behavioural improvement than the 
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aforementioned study,282 an FA change of 1.5% was considered to be a balanced estimate for effective 
therapy over a six month time frame.  
Accounting for Data Exclusions 
When studying children with brain pathology, acquired data must often be excluded due to motion 
artefacts or software instability in the presence of brain lesions. Based on the sample size computed 
from the power analyses, 𝑛𝑝𝑜𝑤𝑒𝑟, an extra analysis was performed to determine the practical number 
of children required to undergo scanning, given a probability that a scan is able to be both acquired 
and processed successfully, 𝑃(𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙). This probability, which was ranged between 60% and 
100% represents the probability of obtaining an image free of motion artefacts. Because each child 
must successfully undergo scanning twice in a longitudinal study, the final number of participants 
was computed based on the square of this probability, as shown below. 
𝑛𝑛𝑒𝑒𝑑𝑒𝑑 = 𝑛𝑝𝑜𝑤𝑒𝑟 𝑃(𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙)
2⁄  
This equation was checked against historical imaging data for over 100 children with UCP, aged 5 – 
18 years, acquired by the authors. It was confirmed to that the number of excluded participants in a 
two time-point study could be predicted by squaring the number of individual time-point datasets that 
were rejected due to motion or processing issues (data not shown). Based on the authors’ historical 
rates of data rejection, the text focusses on a 75% probability of success for structural imaging, and a 
65% probability of success for fMRI-seeded and ROI-seeded diffusion MRI. The primary reason for 
data rejection for the authors’ data were motion artefacts. Success was generally lower in diffusion 
analyses due to the longer scan time and thus higher likelihood of motion during acquisition. 
 
Figure 27. Example of cortical thickness (left), projected onto the pial surface; ROI-seeded diffusion 
tractography (middle); and surface-fMRI seeded tractography (right) in a single participant with 
CP. Tracks from all slices are shown, overlaid on a diffusion b0 image. Note the higher anatomical 
specificity of the surface-fMRI seeded method, relative to the ROI-seeded method. Left of images is 
left of the participant.  
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Although fMRI-seeded tractography requires two sets of good images (fMRI and diffusion), historical 
data acquired by the authors showed similar success rates with ROI-based diffusion analyses because 
of automated cortical parcellation has a high failure rate when pathology is present.   
165 
 
Results 
To detect a change in cortical thickness of the sensorimotor cortex with 80% power, the number of 
children required to successfully complete imaging was between 25 and 106, depending on the 
expected effect size of treatment (Figure 28). These numbers rose to between 33 and 138 to achieve 
power of 90%. For the ‘balanced’ estimate of an 8% expected change, the number of children required 
to complete imaging was 57, 77 and 95 for powers 80%, 90% and 95%, respectively. Power curves 
for supplementary motor and superior parietal areas are supplied in Supplementary Figure 8. 
To detect a change in FA of the delineated corticospinal tract using ROI-seeded tractography 
with 80% power, the number of children required to successfully complete imaging was between 7 
and 56, depending on the expected effect size of treatment (Figure 28). These numbers rose to 
between 9 and 77 to achieve power of 90%. For the most realistic estimate of a 1% change in FA, 
number of children required to complete imaging was 56, 79 and 93 for powers 80%, 90% and 95%, 
respectively. 
Required imaging counts to achieve an 80% power for surface-based fMRI-seeded 
tractography were substantially lower, between 3 (for a heavily optimistic expectation of change) and 
22, for a safer expected effect size (Figure 28). For the ‘balanced’ estimate of a 1.5% change in 
delineated corticospinal FA, the number of children successfully completing two scans was 9, 13 and 
16 for powers of 80%, 90%, and 95%, respectively. 
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Figure 28. Power analysis curves. Graphs in the left column denote the relationships between power 
and number of participants for a variety of expected changes in cortical thickness (top row), ROI-
seeded tractography (middle row) and surface-fMRI-guided tractography (bottom row), assuming 
successful scans in all instances. Three power thresholds are illustrated, 80% (full line), 90% (dashed 
line) and 95% (dotted line). Graphs in the right column display the number of children required to 
be scanned at both time points taking into account a variety of success rates of scanning and image 
processing (P(success)). These are displayed for changes of 8%, 1%, and 1.5% in cortical thickness 
(top), ROI-seeded tractography (middle) and surface-fMRI-seeded tractography (bottom), 
respectively.   
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Accounting for Data Exclusions 
Practical issues related to participant cooperation, imaging artefacts, and processing difficulties will 
significantly affect the number of participants required. To achieve 80% power, assuming a 75% 
probability of a successful scan, 101, 106 and 16, participants are required to undergo scanning for 
cortical thickness (8% change), ROI-based tractography (1% change) and fMRI tractography (1.5% 
change) respectively (Figure 28). It is notable that achieving successful diffusion and fMRI scans is 
much more difficult than acquiring T1 images, due to the scan lengths and/or participant interaction 
required. At a 65% probability of success required participant numbers are to 142 and 21 for ROI-
seeded and fMRI-seeded tractography methods, respectively.  
Due to the heterogeneity seen in cerebral palsy populations, a study with a low number of 
participants is unlikely to fairly represent the variety of pathology and other factors observed in the 
general population (see Discussion). For this reason, the above number-to-scan calculation was 
repeated for a target of 25 participants. As shown in Figure 29, 45 or 60 participants are needed to be 
scanned in order to achieve this target, assuming P(success) of 75% or 65%, respectively. 
 
 
 
Figure 29. Number of participants needs to scan in order to successfully analyse 25 participants.  
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Discussion 
The present study calculated number of children with unilateral cerebral palsy required to undergo 
scanning and intervention in order for a neurorehabilitative study to detect changes in cortical 
thickness of the more-impaired primary sensorimotor cortex, or FA of the more-impaired delineated 
corticospinal tract using either M1 ROI-seeded or surface-fMRI seeded tractography. It is important 
to note that the values here assume that all enrolled participants attend all scans – they do not account 
for general trial attrition. Attrition was purposefully not accounted for, as each study cohort may 
display substantially different drop-out rates due to socioeconomic, cultural, and trial-specific factors 
(such as length). To achieve a number-to-enrol, it is important that the number-to-scan values reported 
here are also adjusted by the expected attrition rate of the trial in question. 
Cortical Thickness 
Measuring change in cortical thickness required 101 participants to undergo scanning to achieve an 
80% power, assuming a mean cortical thickness change of 8%, and a scan-and-analysis success rate 
of 75% per scan-session. As the calculations presented here indicate that the primary factor 
determining statistical power was the reliability of the cortical thickness measure (Supplementary 
Figure 7), a study may be able to improve its statistical power by achieving more sensitive or reliable 
measures of cortical thickness change. One means of doing so is to collect multispectral data (T1, T2, 
and proton density sequences) at high resolutions, as this can improve grey-matter estimations in a 
number of software standard packages. The other main driver of required participant numbers for 
cortical thickness analysis was scan-and-process success rates. For example, a study with a scan-and-
process success rate of 90% needs approximately half the number of enrolled participants than a study 
which loses one in three scans. An important means of improving statistical power is, thus, to give 
adequate consideration to the preparation and conduction of scans. Pre-existing protocols that address 
these issues have been published, with impressive success rates.283 A complimentary means of 
reducing data loss is to give ample consideration to processing software. Some mainstream packages, 
particularly with their default pipelines, make assumptions about brain structure that do not apply to 
brain-injured populations and as a result, even in healthy participants, can result in a dataset rejection 
rates above 35%.284,285 Utilisation of simpler methods that make fewer assumptions of brain structure, 
such as those utilised here,281,285 can help to minimise the loss of data and thus improving a study’s 
statistical power. Finally, teams interested in this measure with unavoidably underpowered trials 
should consider active collaboration with other groups to harmonise imaging protocols, allowing for 
data to be aggregated across similar interventional studies. Note that multi-centre studies will carry 
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with them an additional degree of variability due to the use of multiple scanners, though the effect of 
this on diffusion or cortical thickness measurements is beyond the intended scope of the present work. 
Diffusion MRI Tractography 
Tractography seeded by ROIs of M1, manually delineated by an expert neuroanatomist, required 106 
or 128 participants to detect a 1% change in delineated corticospinal FA at 80% power, assuming the 
75% or 65% scan-session success rates, respectively. Although it may be tempting to assume a greater 
degree of FA change may take place, which would reduce required participant numbers (Figure 28), 
such an assumption is contrary to existing evidence; higher values were only presented here for direct 
comparison with fMRI-seeded tractography. By contrast, surface-fMRI guided tractography required 
only 42 participants to detect the same degree of change at a 65% scan-session success rate, due to 
its substantially lower test-retest error in the UCP cohort. According to a motor learning study in 
healthy adults,270 this method can also be expected to display greater mean FA changes than an ROI 
based approach, presumably due to its greater anatomical specificity (Figure 27). When the expected 
degree of change for surface-fMRI guided tractography was raised to a more realistic 1.5% – slightly 
under half of the degree of change demonstrated in the aforementioned study – this number fell 
further, to 21.  
It is clear, then, that the primary driver of power in tractography analyses is the processing 
method. In fact, the numbers presented here suggest that even moderately large randomised controlled 
trials are unlikely to find genuine white-matter changes of the delineated corticospinal tract without 
resorting to an fMRI-guided approach, or similar. Although an fMRI-based diffusion analysis 
pipeline may require substantial investment to set up, the savings associated with fewer scans is likely 
to provide a substantial, if not complete, financial offset. We note that the fMRI-based method 
requires a specific motor task, which will require meaningful consideration of participants’ abilities 
and of the specific region that is expected to be targeted by the intervention (e.g. hand knob within 
M1, or the equivalent region in re-organised brains). When using such an approach, the present 
analysis suggests that statistical power is not the primary concern. It is important to remember that 
cerebral palsy is a highly heterogeneous condition. As such, even large demonstrated brain changes 
in smaller cohorts will not generalise to the general CP populous. For this reason, although not based 
on hard calculation, it is recommended that studies aim to successfully scan and process data from no 
fewer than 25 participants, and ensure a test partition of no less than 25% of the available data when 
constructing predictive models to verify the generalisability of the model. As shown in Figure 29, a 
P(success) of 65% requires attempting to scan approximately 59 children, ignoring general attrition. 
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For studies restricted to utilising manually or automatically delineated ROIs for tractography 
seeding, improving statistical power will rely on reducing variability of response to treatment; using 
scanning protocols designed to reduce participant anxiety and behavioural issues; and opting for 
software pipelines that are robust to pathology (which may require manual delineation of ROIs). One 
practical step toward reducing variable response to treatment is to enrol as homogenous a cohort as 
possible in terms of CP subtype, severity, and pathology. This is likely to minimise the variance in 
response to treatment and thus improve the statistical power of longitudinal trials. This also carries 
the added benefit of improving interpretability, but may reduce the generalisation of results to people 
with dissimilar pathology. Another action that can be taken is to opt for treatment delivery that is 
actively monitored, or individually customisable, to better enable participants with more severe 
pathology or situationally-difficult circumstances to achieve results. Finally, head motion is common 
in children with intellectual disability. Adequate preparation of participants, ideally with mock 
scanners, is likely to improve the rates of successfully obtaining artefact-free scans, boosting the 
power of the study. 
Alternative Measures 
With high required enrolee counts, particularly for cortical thickness, it is not unreasonable to 
consider whether it is worth utilising alternative measures of brain change. The authors prefer not to 
rely on voxel-based analyses such as (standalone) fMRI using available software packages, voxel-
based morphometry (VBM), or tract-based spatial statistics (TBSS) for this purpose. In order to 
conduct groupwise voxel based analyses, especially standalone fMRI, make a number of assumptions 
that are invalidated by pathology.181 These include the assumptions of uniform anatomy, and uniform 
structure-function relationships, across participants. The data retention rates amongst such methods 
may also be reduced in CP cohorts due to the instability of non-linear registration methods when 
pathology is present.285 By contrast, ROI-based analyses assume only that change will occur 
somewhere within the region of interest for each participant, and do not rely at all upon inter-subject 
anatomical correspondence or non-linear registration methods. Although fMRI analyses can be 
performed in an ROI-based manner, there is presently no guarantee that this will be more sensitive 
than the methods detailed here. Furthermore, the interpretation of fMRI is complex in CP populations 
and is most robust when supplemented by independent neuroimaging measures.103,181 
In a related note, readers may also consider whether it is worth forming a different form of 
hypothesis in order to make smaller neuroimaging studies (<25 partipants)  more viable. Certainly, 
alternative forms of hypotheses are possible, such as calculating the proportion of the population 
whom can be expected to see a brain change meeting certain criteria (observed brain change 
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‘typicality’).273,286 As indicated earlier, a discussion on these forms of hypotheses is well outside the 
scope of the present work. It is worth noting, however, that biological insight into neurorehabilitation 
in CP is presently awaiting characterisation of induced brain changes’ qualities (such as type, 
location, and amplitude). Such characterisation is more explicitly tested with the hypotheses utilised 
in the present paper.  
Limitations 
The experiments reported here tested many different sets of assumptions, using data-driven 
parameters where possible, but some limitations remain. Perhaps the largest remaining limitation is 
that it is not presently known whether brains impaired by cerebral palsy are capable of similar levels 
of plasticity to a brain free of pathology. There is some evidence to suggest that this may be age 
dependent,36,287 a factor not included in the present model due both to a lack of data, and to a desire 
for the results to be broadly applicable. A second limitation is that both cortical thickness and 
myelination change during typical development with age.288,289 A consequence of this is that long-
term studies must account for age at each time point, either directly or with a control cohort, to avoid 
misconstruing development as intervention-induced brain change. Another limitation is that the 
variance in longitudinal changes in structural and diffusion measures was only measured from five 
children with CP, and as such may not be representative of children with CP outside this age range 
or with different underlying brain pathologies. In these instances, we recommend that researchers 
compute their own power using the equation from the Statistical Analyses section, substituting in 
their own more accurate estimates of effect size and variance.  
Conclusions 
Based on data driven parameters and practical limitations, calculations reported that 101 participants 
were required for longitudinal measurement of cortical thickness in the impaired sensorimotor cortex. 
For the measurement of FA in the impaired delineated corticospinal tract, these numbers were 128 
for ROI-seeded tractography, and 59 for fMRI seeded tractography, respectively. These numbers 
must be multiplied by a constant factor to take into account expected study attrition. Although these 
participant numbers may be excessive for many rehabilitative trials, several options are available to 
improve statistical power, including ample preparation of participants for scanning, careful 
consideration of image processing options, and enrolment of as homogeneous a cohort as possible. 
Smaller and more moderate-sized studies can still realise the full potential of their datasets by 
harmonising scanning protocols in order to allow the pooling of data.  
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Supplementary Materials 
 
Neuroimaging 
measures 
Estimate of 
effect size 
𝝈𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒎𝒆𝒏𝒕 𝝈𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆
= 𝟓% 
𝝈𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆 = 
10% 
𝝈𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆 = 
15% 
Cortical 
thickness 
8% 0.412 0.0005 0.0024 0.0053 
ROI-seeded 
tractography 
1% 6.28e-04 2.5e-05 1e-04 2.25e-04 
Surface-fMRI 
seeded 
tractography 
1.5% 1.54e-04 3.75e-05 1.5e-04 3.38e-04 
Supplementary Table 1. The values of variance used in the power analysis, including measurement 
error (σmeasurement) and variance in response to treatment (σresponse), for both structural and diffusion 
measures. 
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Supplementary Figure 6. Representative axial slices illustrating the brain pathology of the structural MRI of the five children with UCP, who underwent 
two scans, without rehabilitation in-between, to obtain estimates of measurement variance 
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Supplementary Figure 7. Power analysis curves. Curves represent number of participants needed for 
a variety of expected changes in cortical thickness (top row), ROI-seeded tractography (middle row) 
and surface-fMRI-guided tractography (bottom row), assuming successful scans in all instances. 
Curves in the left column represent a 5% standard deviation in response to therapy, curves on the 
right represent a 15% standard deviation in response to therapy, based on previous rehabilitative 
trials for CP. Three power thresholds are illustrated as horizontal black lines: 80% (full line), 90% 
(dashed line) and 95% (dotted line).
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Supplementary Figure 8. Power analysis curves. Curves represent number of participants needed for a variety of expected changes in cortical thickness 
in the posterior parietal lobe (top row) and supplementary motor cortex (bottom row). The different columns represents different standard variations of 
participant response to treatment: 5% (left column), 10% (middle column), and 15% (right column). Three power thresholds are illustrated as horizontal 
black lines: 80% (full line), 90% (dashed line) and 95% (dotted line). 
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Chapter 9  
Grand Discussion 
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Novel Contributions 
This thesis presents a series of novel works that together significantly reduce barriers toward the 
measurement of brain plasticity associated with neurorehabilitation, and also contribute considerably 
toward understanding the neurological processes associated with normal motor learning. A series of 
six papers, and one unpublished chapter, were presented that directly addressed the goals of this 
thesis: 
1. Critically review the potential for functional MRI, when used alone, to measure brain changes 
in a rehabilitative context 
2. Address the need for algorithms that can reliably detect subtle structural brain changes and 
that perform well in the presence of pathology 
3. Combine the aforementioned principles and methods in order to measure a variety of brain 
changes in healthy adults learning a novel motor task, then to interpret such information 
together in a way that may improve our understanding of neuroplasticity at a biological level 
4. Utilise the information above to perform a power analysis that can be used to plan neuro-
rehabilitative studies in children with cerebral palsy 
The main findings of these papers are summarised below. 
Measurement of Neuroplasticity with fMRI  
Chapter 2, published in Nature Reviews Neurology, explored the potential for measures of brain 
change to transform neurorehabilitation, with a particular focus on motor issues in unilateral cerebral 
palsy. This chapter suggested a variety of methods were available, one of the most popular being 
task-based functional MRI. Chapter 3 critically explored this method’s potential for the measurement 
of neuroplasticity in people with brain injury. A variety of issues were identified, including a high 
degree of uncertainty surrounding interpretation, confounds related to disease states, reliability issues 
with small cohorts, and the ability for processing steps intrinsic to the technique to artificially produce 
‘differences’ between time points. Although many of these issues were known prior to publication, 
the compounding effect of these had not been explored. It was concluded that, although the method 
applied to a single-participant may be useful to identify certain brain regions, interpretation of subtle 
changes between time points in people with brain injury was not justifiable. This chapter also 
explored alternatives and solutions to the problems raised. This exploration determined that the best 
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course of action for an imaging study wishing to investigate neuroplasticity was to take a multimodal 
approach. 
A Means of Detecting Brain Changes in the Presence of Pathology 
Measuring structural brain changes associated with learning presents a very difficult challenge 
because changes can be expected to be subtle, but most techniques are relatively insensitive, 
especially when acquisitions must be performed within reasonable scanning times. Furthermore, the 
presence of brain pathology can result in standard analyses behaving erratically. Brain pathology can 
also invalidate assumptions one must make in order to interpret these results from these methods, 
such as standard relationships between anatomical locations and functions. 
Chapter 4 described a novel diffusion MRI analysis procedure designed to overcome these 
difficulties, the utility of which was demonstrated throughout the remainder of this thesis. These 
difficulties were overcome using a number of novel features. Firstly, fMRI activation was utilised to 
identify relevant motor areas. This means that registration to atlases, and assumptions about structure-
function relationships were no longer necessary. Functional MRI also increases the sensitivity of the 
technique by focusing on regions specifically involved with a certain task, rather than the entire motor 
area. Importantly, the fMRI analysis was conducted on a surface, rather than in voxel-space, which 
reduced activation transfer across sulci during smoothing or due to low image resolution. This method 
also constrained tractography using a surface, generated from the high-resolution T1, rather using 
than low resolution voxel-based masks generated from diffusion images (as is typical). Finally, this 
method utilised machine learning to decipher corticospinal from thalamocortical tracts, rather than 
rely solely on accurate ROI placement. This allows tracks to be labelled based on their position and 
shape, rather than only the positions of one or two aspects, and removes the requirement for accurate 
S1 and M1 cortical labels. The result of these factors was a pipeline that outperformed a standard 
cutting-edge fMRI-based approach in terms of tractography coherency, data rejection rates and 
correlation strengths between diffusion metrics and clinical scores 
Measurement of Brain Changes in Healthy Adults 
Before embarking on an investigation into neuroplasticity in a rehabilitative context, it is important 
to ensure that similar processes are moderately well understood, and can be measured, in people 
without neurological issues. Although a small number of neuroplasticity studies of healthy adults 
existed in the literature, these studies used vastly different training paradigms; different imaging 
techniques, which were predominantly mono-modal; and typically very small cohort sizes. These 
factors have stymied researchers’ abilities to integrate and interpret this information together; that is, 
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to form a cohesive picture of neural changes that accompany motor training. In response, Chapter 5 
and Chapter 6 of this thesis described a substantial study which reported brain changes in healthy 
adults learning a single-handed motor coordination task. Measures of brain change were indexed with 
TMS, fMRI, tractography, ROI-based diffusion MRI, behaviour and measures of cortical thickness. 
Almost all measures showed degrees of change solely in motor related areas of the ‘trained’ 
hemisphere, consistent with two non-mutually exclusive hypotheses. The first was that training 
improved the performance of cortical areas that were already responsible for performing the motor 
task prior to training, through an LTP-like process. This is an important finding as most fMRI-based 
studies have been based on the premise that motor learning is associated with regions of tissue taking 
on new responsibilities. The second finding was that white matter associated with these motor areas 
presented changes in microstructure in a manner consistent with activity-dependent myelination. This 
second finding is particularly promising for neurorehabilitation in unilateral CP as a large portion of 
this population present with white matter injury. As these white matter changes were reliable and 
detectable using the tractography pathology-robust method introduced in Chapter 4, it is reasonable 
to consider this type of investigation a priority for imaging trials of motor neurorehabilitation. 
Power Analysis for Neuroplasticity with MRI 
Chapter 7 described an attempt to follow up on the adult study by searching for corticospinal tract FA 
changes in children with UCP who were enrolled in a randomised controlled trial of Mitii™ virtual 
reality rehabilitative therapy. Unfortunately, unlike the adult study, participants in this trial did not 
show significant improvement in behavioural measures of motor function in the affected upper limb. 
As could be expected, changes in corticospinal tract diffusion metrics were resultantly unchanged. 
Although disappointing, this investigation demonstrated the ability of the fMRI-driven tractography 
method to perform reliably in a longitudinal trial in which participants presented with considerable 
pathology. It also raised questions about the power of such studies, noting that randomised controlled 
trials are typically planned around expected behavioural improvements, not neuroimaging, which 
makes it hard to ascertain whether null results represent lack of change, or lack of statistical power. 
To address this gap in the literature, a power analysis was conducted so that future studies 
could be adequately planned for the measurement of neuroplasticity using diffusion MRI 
(corticospinal FA) or structural MRI (cortical thickness). This analysis, described in Chapter 8, 
reported that most studies of this type would need higher than average numbers of enrollees (59 – 
108 before general attrition) to be adequately powered for this task. However, a consideration of the 
influencing factors meant that a number of recommendations could be made for studies to reduce 
these numbers where possible. These recommendations included investment into pre-scan 
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preparation for participants to reduce data-loss, investing effort in participants struggling to improve 
behaviourally to reduce variability in behavioural outcomes, and utilizing the surface-based fMRI 
seeded tractography method to boost signal-to-noise. Another important recommendation was that 
small and medium studies consider harmonizing protocols to ensure that data can be pooled across 
studies for more powerful analysis. 
Implications, Limitations and Future Work 
The work presented in this thesis has significantly increased knowledge about the brain changes that 
underlie motor-learning in healthy adults. With an understanding of these processes, similarities or 
differences in motor rehabilitation can now be investigated in a targeted way, in hope that resulting 
findings can be harnessed to improve neurorehabilitiative efficacy. This work also reduced a number 
of barriers to such investigation, by making a wide range of data-driven recommendations on effective 
methodology, interpretation, required sample sizes and the effects of data loss. Importantly, key to 
this thesis was the description and demonstration of a novel diffusion MRI measurement pipeline that 
is demonstrably robust to pathology and sensitive to subtle brain changes.   
A number of limitations exist in the present thesis, many of which cannot be easily quantified 
given the present state of scientific knowledge. For example, it is implicitly assumed that the ability 
of injured and uninjured brains to adapt is not significantly different, or at least that the same general 
types of neuroplasticity (e.g. myelination) occur with motor-training for rehabilitative or non-
rehabilitative skill improvement. These assumptions are not baseless – there is no reason to believe 
that the basic physiological processes of healthy neurons or glia are altered in CP populations – but 
have also not yet been demonstrated. In essence, this is a ‘Catch-22’ scenario – prior to this work, 
there were high barriers to investigating these features. The current thesis helps alleviate these 
barriers, particularly by quantifying precisely how much brain change can be expected from a training 
regimen in a healthy population, and providing means to do so in people with cerebral palsy. 
One barrier that the present work has failed to lower is the proportion of diffusion data 
discarded during processing. Although standard atlas-based packages such as Freesurfer are unstable 
in the presence of pathology and so can result in loss of ~30% of all data, motion during fMRI 
scanning is nearly at a similar level in children with UCP. As demonstrated, however, the methods 
used in the present thesis are substantially more sensitive, and so the impact of this data loss is less 
severe. Furthermore, reducing data-rejection was also not a primary goal of this thesis, and it could 
be argued that relying on imaging techniques for this purpose is akin to ‘parking an ambulance at the 
bottom of the cliff’. Adequate preparation and child-friendly scan routines will always be more ideal 
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than attempting to ‘clean’ motion corrupted data, and at least one study has described specific 
behavioural techniques effective for this purpose since data for this thesis was acquired.283 Utilisation 
of such techniques may see future use of the present methodology improve data rejection rates above 
those of standard packages. 
Although future directions for UCP are hopefully relatively clear from this discussion, it is 
worthy of note that the tractography pipeline presented in this thesis is suitable for any participant 
cohort for whom imaging can be acquired. Since publication of this work, our laboratory has been 
approached, and is now planning, to utilise this technique to measure sensory-related neuroplasticity 
in children with spastic CP, and for neurosurgical planning of patients with epilepsy or brain tumours. 
The use of surfaces also lends this method to conducting ‘atlas free’ segmentations of brain structure 
based purely on tractography – a technique now being developed by our group.
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